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Within the l a s t  decade, the e f f e c t s  of l e g a l  and technological  
changes on many process indus t r i es  have st imulated the  search f o r  more 
economical separation and c l a s s i f i c a t i o n  processes. The l iqu id-so l id  
cyclone has been developed f o r  c l a s s i f i c a t i o n  and desliming of so l i d s  
a t  p a r t i c l e  s i z e s  below the  200-mesh point  and, i n  many ins tances ,  has 
replaced o ther  l e s s  economical separation equipment. The cyclone u t i -  
l i z e s  cen t r i fuga l  force  f o r  separating so l i d s  from l i qu id s  and i s  an 
e f f i c i e n t  device, separat ing with a high degree of "sharpness. " Un- 
for tunate ly ,  the cyclone does not give s a t i s f ac to ry  separation a t  
l a rge r  p a r t i c l e  diameters (70 t o  200 mesh). Because there  a r e  many ap- 
p l i c a t i ons  where the  des i red separation i s  beyond the  range of the cy- 
clone, a s  present ly  designed, it appeared des i rable  t o  attempt t o  de- 
velop equipment t o  extend the  range of separation t o  l a r g e r  p a r t i c l e  
s i z e s  . With these considerat ions i n  mind, D r .  J . M . Dal.laValle and D r .  
J. J. Moder of t he  Georgia I n s t i t u t e  of Technology advanced the idea 
f o r  and had constructed a 10-inch diameter f ixed-impeller  cen t r i fuga l  
separator  f o r  l iqu id-so l id  separation.  
The invest igat ion concerned s tud ies  t o  determine the  f e a s i b i l i t y  
of such a device a s  a l iqu id-so l id  separator .  These s tud ies  were t o  
include the  e f f e c t  of various geometric and operative var iables  on sep- 
a r a t i o n  eff ic iency,  separation poin t ,  and energy loss .  
After  reviewing previous work on l iqu id-so l id  cyclones and con- 
ducting a preliminary evaluation of the 10-inch model, equations f o r  
the  design of t h e  f ixed  impeller were developed. Also, a spec ia l  method 
of closure,  t o  permit rapid  changes i n  geometry, was designed f o r  the 
t e s t  sect ion.  The method incorporated "doughnut" flanges, recessed O -  
r i ng  gaskets, and t i e  rods.  
Tests  were performed i n  a 5 -1/2-inch ins ide  -diameter t e s t  sec t ion  
using feed s l u r r i e s  of sand-water and barytes-water containing 1 0  t o  25 
per cent  so l i d s .  The e f f e c t s  of various geometric and operative v a r i -  
ab les  on the  50 per cent  separation point  and on separation sharpness 
were invest igated.  Energy-loss s tud ies  were conducted a t  various under- 
flow diameters, overflow diameters, and water feed r a t e s .  
The r e s u l t s  of these t e s t s  indicated t h a t  
1. The impeller a s  designed operated s a t i s f a c t o r i l y ,  and the  
method of der ivat ion of the design equation should be appl icable  f o r  
deriving equations f o r  o ther  blade contours. 
2 .  The over-a l l  design of the  t e s t  sect ion with "doughnut" 
f langes,  recessed O-ring gaskets, and t i e  rods served i ts  purpose excel-  
l e n t l y .  This method of closure should be advantageous i n  equipment 
where rap id  changes i n  geometry a r e  des i red ,  
3 .  For spec i f i c  geometry and blade angle, an equation was devel-  
oped f o r  the  50 per cent separation point  as follows: 
where p is  the  50 per  cen t  point  (microns), 
e i s  the overflow diameter ( inches) ,  
G. i s  the  feed r a t e  (pounds per  second), 
s i s  the  so l ids  density (grams per cubic centimeter), and 
p i s  the s l u r ry  density i n  the  same u n i t s .  
It was found t h a t  the  exponents of t h i s  equation did  not vary with 
geometry. Changing geometry was re f lec ted  i n  changes i n  the  K value 
1 
(157 a s  shown i n  the previous equation).  
4. For a given flow r a t e  and comparable geometric and operative 
factors ,  the fixed-impeller separator produced a higher 50 per cent  
point  than a conventional cyclone. "~harpness ,"  a s  defined by Taggart 
and by e f f i c i enc i e s  defined i n  t h i s  work, was approximately the  same 
f o r  the two separators.  However, a graphical  method presented i n  t h i s  
work indicated t h a t  the  sharpness was l e s s  f o r  the fixed-impeller device. 
5 .  Energy-loss equations f o r  the  fixed-impeller separator were 
found t o  be of the  same general form as those f o r  the cyclone. However, 
an addi t ional  var iable  of underflow diameter i s  involved. The energy 
l o s s  was found t o  be l e s s  f o r  the  fixed-impeller device. This i s  exem- 
p l i f i e d  i n  t h a t  the  capacity r a t i o  GPM/FO.~ was found t o  vary ( a t  f ixed  
blade angle)  a s  the  0.9 power of the overflow diameter with the  under- 
flow diameter a s  a parameter. The equation expressing t h i s  r e l a t i on -  
ship  was found t o  be a s  follows: 
where GPM = feed ra te ,  
F = energy loss ,  
e = overflow diameter, 
R 
= 9.8 + 6.3 E ~ . ~ ,  and
E = underflow diameter. 
Within the range investigated, it appears that the fixed-impeller 
centrifugal separator could be used to extend the separation-point range 
of the liquid-solid cyclone. However, the following additional work 
should be undertaken: 
1. A study of the ratio of overflow diameter to the section 
diameter should be conducted. The results of such an investigation would 
show whether the trend of increased 50 per cent point with increased 
overflow diameter would continue. 
2. The effect of changing blade angle should be investigated in 
order to determine the relationship of this variable with the 50 per 
cent point. 
3 An investigation of the effect of feed-volume split to the 
underflow and overflow should be conducted. This should include a con- 
sideration of 50 per cent point and separation sharpness. 
4. Additional energy-loss studies shoud be performed in order to 
develop a generalized relationship for energy loss as a function of geo- 
metric and operative variables. 
5. Based on the results of the present investigation, a larger 
model should be designed and constructed for use in extending various 
geometric variables. 
'The pursuit of the recommendation presented above and the con- 
tinued development of the fixed-impeller centrifugal separator could 
lead to its acceptance into the industrial family of separation equip- 
ment. 
CHAPTER I 
In recent years, legal, economic, and technological changes have 
necessitated a diligent search for a more efficient classification and 
separation process for certain industries. Among these, the following 
may be included: 
1. Many plants have been forced to operate on lower percentages 
of make-up material because of economic considerations, shortages, or 
legal restrictions on waste disposal. 
2. Mechanization of mining and processing has greatly increased 
the amount of refuse in the materials to be processed. 
3. The necessity of using lower grade ores has imposed economic 
restrictions on many operations and has intensified the search for more 
economically feasible processes to up-grade material. 
4. The general increased cost of labor arrd material in this 
country has resulted in greater cost for conventional process equipment 
and necessitated higher physical plant investments. 
The development of the liquid-solid cyclone has met the challenge 
of those changes in many instances, particularly in the field of clas- 
sification and deslurring of particles below the 200-mesh point (74 
microns). In many instances, the cyclone has replaced other separation 
devices such as drag and spiral classifiers, settling cones, and hydro- 
separators with their relatively large area req-direments per gallon of 
through-put, (1) 
The appl ica t ion of so l id - l iqu id  cyclones t o  many i n d u s t r i a l  sepa- 
r a t i on  processes has been rapid,  s ince  it o f f e r s  many advantages. Among 
these  a re :  (1) economy i n  terms of low i n i t i a l  cos t  and low operating 
cost ,  ( 2 )  s impl ic i ty - - i t  has no moving par t s ,  (3) high capacity pe r  u n i t  
of f l o o r  space, and (4)  sharp separation a t  f i ne -pa r t i c l e  s i z e s .  (1, 2, 
3 ,  4, 5, 6, 7, 8, 9, 10)  
The cycl.one ( ~ i g u r e  1) cons i s t s  of a  cy l indr ica l  sec t ion  above a  
truncated cone. The s l u r r y  t o  be processed en t e r s  the  cy l i nd r i ca l  sec- 
t i o n  through a  t angen t ia l  i n l e t  nozzle. The feed, with the t angen t ia l  
veloci ty ,  c rea tes  a  s p i r a l  o r  vortex of high cen t r i fuga l  fo rce .  Sol id  
p a r t i c l e s  a r e  forced t o  the periphery of the  conical  sec t ion  and a r e  
discharged out of the  underflow nozzle located a t  the  apex of the  cone. 
!The c l a r i f i e d  l i q u i d  i s  discharged through the  overflow pipe, which i s  
centered i n  the  cy l i nd r i ca l  sect ion a t  the top of the  cyclone. (11) 
Experimental s tud ies  have been conducted concurrently with the  appl ica-  
t i ons  f o r  the  l iqu id-so l id  cyclone t o  determine design and operating 
f ac to r s  f o r  increasing i t s  app l ica t ion  and usefulness.  Several  inves-  
t i g a t o r s  have presented r e s u l t s  of de t a i l ed  s tud ies  permitt ing the  
accurate design of separators f o r  spec i f i c  app l ica t ions ,  (1, 2, 3, 6, 
12, 13, 14, 15, 16)  These inves t iga to rs  have a l s o  pointed out  some of: 
the  l imi ta t ions  of th.e l iqu id-so l id  cyclone. Dahlstrom ( 3 )  has indica-  
t e d  t h a t  one of the  problems of the  cyclone has been t h a t  f o r  c e r t a i n  
appl ica t ions  the  separation point  needed t o  be r a i s ed  t o  a  higher micron 
s i z e .  It has a l s o  been demonstrated t h a t  a s  the  separat ion point  i s  
increased by manipulation of var iables ,  t h e  sharpness of separation de - 








Figure 1. Conventional Liquid-Solid Cyclone. 
Because there  a r e  many operations i n  the  mining, chemical, and 
ag r i cu l t u r a l  f i e l d s  where the  separation desired i s  beyond the  range of 
the cyclone a s  present ly  designed, it appeared desi rable  t o  develop a 
device which would extend the  range of operation of the  cylone. Further-  
more, because the  cyclone has been very successfully employed i n  ce r t a in  
i ndus t r i a l  applications,  it was reasoned t h a t  the  p r inc ip les  embodied 
i n  the  cyclone, with i t s  resu l t ing  simplici ty,  would be a good s t a r t i n g  
point  f o r  developing a device t o  extend i t s  range of sharp separation 
t o  l a rge  -par t i c le  s i z e s .  
With these considerations i n  mind, D r .  Joseph M. DallaValle and 
D r .  Joseph J. Moder, Jr., of the  Georgia I n s t i t u t e  of Technology, ad- 
vanced the  idea f o r  a fixed-impeller centr i fugal  separator.  This sepa- 
r a t o r  ( ~ i g u r e  2 ) ,  a s  i n t u i t i v e l y  designed, embodiedafixed impeller, an 
overflow pipe with bottom discharge concentr ical ly  located i n  the  device, 
and a break o r  b a f f l e  p l a t e .  Th.e impeller idea was incorporated a s  a 
means f o r  providing the  "whirl" ve loc i ty  necessary f o r  the  vortex.  .It 
was based on a use of s imilar  f ixed blades o r  veins i n  gas-solid sepa- 
r a t o r s .  The overflow pipe with bottom discharge was included i n  place 
of the  overflow pipe with top discharge used i n  conventional cyclones. 
This was done since i t  appeared t h a t  such a design would provide lower 
energy l o s s .  The break p l a t e  was placed i n  the  device t o  a c t  a s  a f a l s e  
bottom, which would el iminate i r r e g u l a r i t i e s  i n  the  flow probably s e t  up 
by the  unsymmetrical bottom design. The f ixed impeller was a six-bladed 
design made of 1/8-inch sheet brass. The straight blades were turned a t  
about 30 degrees from the  hor izontal ,  (see Figures 2 and 6.) 
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Figure 2.  The 10-Inch Fixed-Impeller Separator.  
I f  a s l u r ry  of s o l i d  and l i q u i d  were introduced a t  the  top o r  
the  device, it would flow down through the impeller .  The mixture would 
receive a whirl  veloci ty ,  which would be a function of t he  i n i t i a l  ve- 
l o c i t y  s t r i k i n g  the  blades and the blade angle. The r e su l t i ng  whirl  
would s e t  up a vor tex f o r  separation.  The overflow with a small amaunt 
of so l i d s  would discharge out  the  overflow pipe, and the  underflow with 
high-solids concentration would discharge out  t he  underflow pipe .  The 
lower energy l o s s  (with the  overflow pipe discha,rge ou t  the  bottom) and 
the  added var iable  of impeller design should provide a means f o r  extend- 
ing the  separation range on conventioi~al  l iqu id-so l id  cyclone,. 
It w a s  the  purpose of t h i s  invest igat ion,  using t h i s  device as a 
bas is ,  t o  develop equipment f o r  l iqu id-so l id  separation and t o  indicate  
i t s  f e a s i b i l i t y  f o r  separation a t  l a rge r  p a r t i c l e  diameters than are 
obtainable with conventional cyclones. This study included a consider- 
a t i o n  of the  e f f e c t  of various geometric and operative f a c t o r s  on sepa- 
r a t i on  point  and separation sharpness a s  well a s  a preliminary inves t i -  
gat ion of energy l o s s .  
The program out l ined a t  the  ou t se t  of the  work included: 
1. After  a l i t e r a t u r e  search was completed i n  the  general  f i e l d s  
of cyclone separation,  a preliminary study of the  DallaValle-Moder 
fixed-impeller model would be conducted. I n i t i a l  evaluation s tud ies  
should give indicat ive  design data  f o r  fu tu re  work. 
2. Based on these preliminary s tud ies  and from the  l i t e r s t u r e  
considerat ions,  a model would be designed f o r  de ta i l ed  study,  The re- 
s u l t s  of such a study should present  the  necessary information f o r  
evaluating t h i s  type of a device as a l iqu id-so l id  separator .  
Afte r  reviewing previous work on l iqu id-so l id  cyclones, it was con- 
cluded t h a t  several  of the  va r iab les  involved with the  fixed-impeller de- 
v ice  should be the  same as some of the  important var iables  of the  l i qu id -  
s o l i d  cyclone. This conclusion can be drawn when the  s i m i l a r i t y  be- 
tween the  two devices is  considered. (1) Both have a means f o r  pro- 
ducing a whirl  veloci ty  with a r e su l t i ng  cen t r i fuga l  force,  which i s  a 
p r inc ipa l  f a c to r  e f fec t ing  separation.  ( 2 )  Both devices have overflow 
pipes concentr ica l ly  located.  ( 3 )  Both have a means f o r  el iminating 
so l i d s  through underflow o u t l e t s .  Also, s ince  both a r e  serving a s  so l i d -  
l i q u i d  separation devices, the  e f f e c t  of t he  physical  proper t ies  of the  
systems on c l a s s i f i c a t i o n  e f f i c iency  should be s imi lar ,  e.g., concentra- 
t i o n  of s l u r r i e s  and densi ty  of so l i d s .  With these observations i n  mind, 
it  was decided t o  approach the problem based on Dahlstrom's ana lys i s  (3) 
of the  so l i d - l i qu id  cyclone. He has shown t h a t  an equation of the  f o l -  
lowing form is  applicable t o  conventional cyclone operation a t  and below 
a feed concentration of 15 per  cent so l i d s  by weight. 
where p = p a r t i c l e  s i z e  a t  50 per cent  point   article s i z e  which 
repor ts  50 p e r  cent by weight t o  underflow and overflow) 
(microns), 
e = overflow diameter ( inches),  
b = i n l e t  diameter ( inches) ,  
4 = flow r a t e  (gallons per minute), 
K = propor t ional i ty  constant, 
s = specific gravity of solid (grams per cubic centimeter), 
p = specific gravity of slurry (grams per cubic centimeter), and 
T, q, a, and c = constants. 
It should be noted that classification efficiency, according to 
Dahlstrom, is a function of centrifugal force (represented by e, b, and 
Q in the equation) and specific gravity of particle and slurry. Thus, 
if e, b, and the physical properties of the systems are fixed, classifi- 
cation efficiency varies inversely with the flow rate raised to the 
proper power. A similar equation could be assumed for the fixed-impeller 
device; however, a different term corresponding to the inlet-nozzle di- 
ameter wpuld have to be included. One approach that could be used to 
arrive at this is: Take a section of the fixed impeller, i.e., two 
blades with an entrance velocity at the blade equal to V entrance 
1 ' 
area equal to A discharge area equal to A and discharge velocity 
1' 2' 
equal to V2. 
By continuity, 
Then, whirl velocity = V 
3 
'1Thus,the whirl velocity, 
v3, 
could be calculated as 
a function of blade angle 
and entrance ve loc i ty .  Because it i s  convenient t o  represent  the  e f f e c t  
t h a t  the overflow nozzle has on cen t r i fuga l  force  i n  terms of diameter, 
it would perhaps be des i rable  t o  express V a s  some equivalent round 3 
pipe diameter', DR, Or 
where Q = volumetric flow r a t e  and 
DR = equivalent  round pipe diameter t o  give a ve loc i ty  V f o r  a 
3 
flow r a t e  Q .  
Then, 
or ,  by continuity,  
Then, the  assumed equation f o r  the f ixed-impeller device becomes 
This indicates  t h a t  i f  the blade angle, the  other  geometric variables,  
and the  physical proper t ies  and operating conditions of the  system were 
fixed, an invest igat ion of the overflow diameter a s  a function of flow 
r a t e  should characterize a, c, and K1. Also, by invest igat ing d i f f e r en t  
physical  systems of s o l i d  and s lu r ry  density, T and q should be evaluated. 
A p l o t  of p versus k ( ~ ~ / c o s a ) ~ ' ~ f / ~ ~  with log-log coordinates should y i e ld  
a s t r a i g h t  l i n e  f o r  a given geometry and s e t  of operating condit ions,  
A s  t he  geometry and operating conditions of the  system a r e  varied, 
K1 
should change but  a and c should remain constant. I n  order t o  determine 
var ia t ions  i n  the  value of K f o r  a given impeller, i t  would be neces- 1 
sa ry  t o  consider various geometric and operating var iables .  I n tu i t i ve ly ,  
one would expect the  following t o  have significance:  (see Figure 2.)  
(1)  the diameter of the  t e s t  section,  ( 2 )  the  diameter of the break 
p la te ,  (3)  the  posi t ion of the  break p l a t e  with reference t o  the  top of 
th.e overflow pipe, (4)  t he  length of the  sect ion between the  impeller 
and the  bottom section,  ( 5 )  the  distance between the  top of the  overflow 
pipe and the  impeller, (6)  the  concentration of so l ids  i n  the  feed, and 
(7) the  concentration of so l ids  i n  the  underflow, which i s  a l s o  r e l a t ed  
t o  the  volume s p l i t  between overflow and underflow. 
Since i n  a vortex, centr i fugal  force  has been shown t o  be propor- 
t i o n a l  t o  the  square of the ve loc i ty  divided by the radius of curvature, 
the  diameter of the  device should have an e f f e c t  on operation. Rowever, 
inves t iga tors  (11, 17) have shown t h a t  diameter has a negl igible  e f f e c t  
on c l a s s i f i c a t i on  s i ze  and energy requirements (2,  3, 6) of the cyclone, 
An empirical r u l e  has been advanced based on the  experiences of one 
wri ter ,  which apparently i s  adequate f o r  i ndus t r i a l  appl icat ion (18) .  
It is: 
To obtain the  sharpest  c l a s s i f i c a t i on  a t  t he  minimum p a r t i c l e  
s i z e  f o r  a c e r t a in  p a i r  of i n l e t  and overflow diameter, the  
l a t t e r  should cover a de f in i t e  port ion of the  cyclone diameter. 
Generally speaking, twice the  feed diameter p lus  i t s  overflow 
diameter divided by the  cyclone diameter should range from 0.4 
t o  0.65". 
I n  view of the  s imi l a r i t y  between the  cyclone and the f ixed-  
impeller device, it may be assumed t h a t  the  e f f e c t  of diameter on 
c l a s s i f i c a t i on  and energy requirements is  probably not s ign i f ican t  f o r  
the  fixed-impeller separator .  
Criner (11) has shown t h a t  i n  a vortex, p a r t i c l e s  a r e  moved 
toward the core by a r ad i a l  veloci ty  V bu t  a r e  re tarded by the  cen- r 
2 
t r i f u g a l  accelera t ion V /r, where Vt i s  equal t o  tangent ia l  veloci ty  t 
and r i s  equal t o  the  radius .  A p a r t i c l e  of a spec i f i c  s i z e  being acted 
2 
upon by Vr and Vt /r would f i nd  a radius a t  which the  ve loc i ty  of s e t -  
t l i n g  equaled Vr. 
The c i r c l e  formed by t h i s  radius i s  re fe r red  t o  a s  the  equ i l ib -  
rium radius .  Pa r t i c l e s  of o ther  s i z e s  would f i nd  other  rad i i - - l a rger  
p a r t i c l e s  nearer the  periphery and smaller p a r t i c l e s  nearer the  core. 
This mechanism would provide a s e r i e s  of concentric s t r a t a  of 
p a r t i c l e g  each stratum containing a range of p a r t i c l e  s i z e s .  Thus, it 
would appear t h a t  the diameter of the break p l a t e  would a f f e c t  separa- 
t ion,  s ince  it would s e l ec t  which stratum t o  pass t o  the underflow and 
which t o  tu rn  upward toward the  overflow o u t l e t .  
Since the source of the f l u i d  i s  a t  the  periphery of the  vortex, 
there  must be a r ad i a l  velocity,  Vr, imposed upon the  vortex motion. 
The r a d i a l  flow ca r r i e s  energy t o  the inner area of the vortex t o  r e -  
place t h a t  d iss ipated through turbulence. This energy thus transported 
i s  used t o  maintain the  s t rength of the  vortex. Criner (11) has shown 
t h a t  V can be considered independent of a x i a l  posi t ion i n  a vortex.  r 
Therefore, it would seem t h a t  the  r a d i a l  flow along the  ax i s  would be 
constant per un i t  area,  and the  t o t a l  flow t o  the  core would be propor- 
t i o n a l  t o  the length  of t he  vortex along ?,he ax i s .  Consequently, the  
distance between the  impeller and the  top of the  overflow pipe and the  
length  of the  sect ion between the impeller and the bottom p l a t e  should 
a f f e c t  the  separation cha rac t e r i s t i c s  of the  device. 
The discussions above a r e  concerned with the  primary o r  main 
vortex of the system, which i s  the  primary fac tor  i n  the  operation of 
the  system when the  break p l a t e  i s  a t  the  same l e v e l  as the  top of the 
overflow pipe. When the  break p l a t e  i s  moved a f i n i t e  distance below 
the  overflow ou t l e t ,  a secondary vortex i s  created which would i n i t i a t e  
around the  outside of the overflow pipe. This vortex should tu rn  i n  
the  same d i rec t ion  a s  the  main vortex, but  i t s  v e r t i c a l  ve loc i ty  com- 
ponent i s  turned i n  the  upward d i rec t ion  o r  opposite t o  that of the  
main vortex.  A l l  o ther  fac tors  being fixed, the  c l a s s i f i c a t i on  s i z e  
should vary inversely  a s  some function of the  distance between the  break 
p l a t e  and the  overflow o u t l e t .  That is, a s  the  dlstance is  increased, 
the  s i z e  of separation of the  pa r t i c l e s  should decrease, 'Chis would 
appear reasonable when it is  considered t h a t  the  secondary vortex would 
provide a second chance f o r  pa r t i c l e s  t o  be ~xposed  t.o a cen t r i fuga l  
separation force .  
The concentration of the  so l i d s  i n  the feed should a f f e c t  the  
separation point  because i f  high enough concentration i s  used, hinzerea 
s e t t l i n g  e f f e c t s  due t o  crowding of the  pa r t i c l e s  should be evidenced. 
However, invest igat ions  (2, 3, 6) have been reported which show t h a t  
hindered s e t t l i n g  e f f e c t s  a r e  neg l ig ib le  a t  o r  above a feed-volume r a t i o  
of e i g h t  p a r t s  of l i q u i d  t o  one p a r t  o f  s o l i d .  Sin.ce no q u a n t i t a t i v e  
expressions a r e  known t o  be ava i l ab le ,  the  e f f e c t  of feed  concentrat ion 
on separa t ion  s i z e  should be inves t iga ted  f o r  t h e  f ixed-impeller  device. 
Dahlstrom (3 )  has inves t iga ted  the  e f f e c t  of concentrat ion of 
s o l i d s  i n  the  underflow i n  a 9-inch cyclone. He repor ted  t h a t  the  sepa- 
r a t i o n  p o i n t  was decreased s l i g h t l y  with an increased volume t o  the  
underflow. This could have a g r e a t e r  e f f e c t  on separa t ion ,  s ince  l i q u i d  
with i t s  accompanying f i n e  s o l i d s  would be taken from t h e  overflow and 
discharged i n  the  underflow. Conversely, the  minor e f f e c t  appears 
f e a s i b l e  when it i s  considered t h a t  no g r e a t e r  c e n t r i f u g a l  f o r c e  should 
occur with higher volume s p l i t s  t o  the  underflow. I n  the f ixed-impeller  
device, t h e  presence of t h e  break p l a t e  could considerably modify the  
genera l  s i t u a t i o n  found i n  a cyclone. A s  the  volume s p l i t  is  increased 
t o  the  underflow a t  a s p e c i f i e d  r a t e ,  the  volume of material turned 
from the  primary vor tex  toward t h e  overflow o u t l e t  could be decreased. 
The energy requirements f o r  the  cyclone have been repor ted  (3)  
where F - energy l o s s  ( f e e t  of f l u i d )  , 
G-PM = flow r a t e  (ga l lons  per  minute),  
e = overflow diameter ( inches ) ,  
b = i n l e t  diameter ( inches ) ,  and 
K' = constant .  
Feed s o l i d  concentrates ( 0  t o  1 4  per cent), percentage of feed 
s l u r r y  repor t ing t o  the  underflow (0  t o  30 per cent) ,  and cyclone diam- 
e t e r  ( 3  t o  14  inches) were found t o  have a negl ig ible  e f f e c t  on K t .  
The constant  K '  increased with length  of cy l i nd r i ca l  sect ion and i n -  
creased with decreasing included angle of the conical  sec t ion .  
Because the  energy requirement f o r  the secondary vortex should 
be l e s s  i n  the  f ixed  impeller  than i n  t he  cyclone, th.e fixed-impeller 
device should operate a t  lower pressure drops than a conventional 
cyclone. This seems evident a f t e r  considering t h a t  the secondary vortex 
within a cyclone extends almost the  e n t i r e  l eng th  of the device. Within 
the  ffxed-impeller device, the  secondary vortex length  i s  a function of 
the pos i t ion  of the  break p l a t e  and, by design, could always be l e s s  
than the  length  of the  secondary vor tex of the  conventional cyclone. 
The equation a s  assumed e a r l i e r  should define the  c l a s s i f i c a t i o n  
point  and the  following re la t ionsh ip  should define the  sharpness of 
separat ion.  
Percentage of coarse-par t ic le  separation = kj 100 
and 
percentage of f i ne -pa r t i c l e  separation = 1 1 100 
where W = weight of so l i d s  g r ea t e r  t h a n  the  50 per cent  separation v 
point  i n  the  underflow 
W = weight of so l i d s  g r ea t e r  Lhar the 50 per cent  separation point  
C 
i n  the feed, 
do = weight of so l i d s  l e s s  than the 50 per cent point  i n  t he  over- 
flow, and 
W = weight of so l i d s  l e s s  than the 50 per  cent  point  i n  the  feed.  F 
Thus, if equations of the  type assumed were t rue ,  it should be 
poss ible  t o  define the  separation point  and the  sharpness of separation.  
The Dahlstrom equation ( 3 )  f o r  (4 -  t o  14-inch cyclones) separa- 
t i o n  is :  
where p = 50 per cent  separation (microns), 
e = overflow diameter ( inches) ,  
b = i n l e t  diameter ( inches),  
GPM = flow r a t e  (gal lons  per minute), 
Ps 
= spec i f i c  g rav i ty  of s o l i d  (grams per cubic centimeter) ,  and 
9 = spec i f i c  g rav i ty  of s l u r r y  (grams per cubic centimeter) .  
For assumed equation f o r  the  f ixed-impeller  device, i t  would be 
expected t h a t  the  exponents e, b, GPM, and the constant  K would be d i l -  
1 
fe r en t  from those on the  Dahlstrom equation above, Since the  flow pa t -  
t e r n  has been modified i n  such a way a s  t o  reduce the  height  of the 
secondary vortex appreciably, one would expect t ha t  f o r  a given flow 
ra te ,  the  cen t r i fuga l  force  would be applied f o r  a shor te r  period of 
time. This would r e s u l t  i n  an increased 50 per cent  separat ion point  
and would probably be evidenced by a r a i s i ng  of the exponent on e and b. 
Because the geometry of the  device i s  d i f f e r en t  from the  cyclone, t he  




Preliminary tes ts . - -Since  the  10-inch f ixed-impeller  device was 
avai lable ,  preliminary separation t e s t s  were conducted t o  obta in  i n -  
d ica t ive  design information before proceeding with model design. A d i s -  
cussion of these invest igat ions  is  included i n  the  Appendix. 
Design of t e s t  section.--In view of the  s i z e  and the r i g i d  construction 
of the 10-inch DallaValle-Moder device, i t  was decided t o  construct  a 
s,maller, more f l ex ib l e  model f o r  de ta i l ed  study. I n  order t o  f a c i l i t a t e  
construction and provide the  des i red f l e x i b i l i t y ,  it was decided t o  use 
a 5-l/2-inch ins ide  diameter a s  the  design diameter f o r  the  t e s t  sec- 
t i o n .  This permitted the  use of 6-inch p l a s t i c  and s t e e l  tubing with a 
0.25-inch wall thickness.  Because geometric var iables  were t o  be s tud-  
ied, the  test sect ion w a s  designed using "doughnut" flanges with re- 
cessed O-ring gaskets .  Thesections of the tubing would then be held  i n  
p lace  between two f langes  by four  0.25-inch t i e  rods; sect ions  above 
and below would be held  i n  place s imi la r ly .  The d e t a i l s  of the  f langes  
and method of closure a r e  i l l u s t r a t e d  i n  Figure 3 .  This arrangement 
permits rap id  change i n  length of t e s t  sect ion o r  change from p l a s t i c  
t o  s t e e l  by manipulation of t i e  rods.  
Bottom p l a t e  and discharge assembly.--Since the overflow diameter would 
have t o  be var ied  over a convenient range, a bottom p l a t e  was designed 
t o  provide the necessary f l e x i b i l i t y .  The assembly i s  shown i n  Figure 
4. A recessed groove was provided i n  the p l a t e  f o r  an O-ring gasket .  
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Figure 3 .  Test-Sect ion Flange D e t a i l .  
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Figure 4. Test-Section Discharge Assembly. 
This provided the  closure between the  p l a t e  and t he  tubing of the  under- 
flow discharge sec t ion .  By using standard pipe bushings, the  various 
overflow pipes could be screwed i n t o  the bottom p l a t e  assembly and cen- 
t e r ed  by means of t h e  four  centering screws. The underflow discharge 
sec t ion  was provided with a t angen t ia l  and perpendicular o u t l e t  f o r  com- 
parison s tud ies .  This discharge assembly not only provided f l e x i b i l i t y  
but el iminated the  i r r e g u l a r i t i e s  present  i n  the  bottom of the 10-inch 
model. 
Break-plate assembly.--Since it appeared des i rable  t o  inves t iga te  break- 
p l a t e  diameter and posi t ion,  the  break-plate assembly shown i n  Figure 5 
was designed f o r  each diameter overflow pipe .  Thus, the  r i ng  diameter 
could be var ied  f o r  each overflow-pipe diameter, i f  des i red.  Also, the  
assembly could be moved up o r  down the  overflow pipe and secured a t  the 
des i red e levat ion by s e t  screws. 
Impeller  design and construction.--After the preliminary inves t iga t ion  
with the  DallaValle-Moder 10-inch device ( ~ i g u r e  6) was completed, i t  
was concluded that any new models should involve a major modification 
i n  impeller  design. A s  the  f i r s t  s t ep  toward such a modification, it  
seemed des i rab le  t o  determine why the  impeller had not performed ade- 
quately.  I f  one of the  blades from t h i s  model i s  considered a s  a n  
incl ined plane with a j e t  of l i q u i d  impinging on it with a ve loc i ty  V 1' 
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Figure 5 . Break-Plate Assembly. 
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Figure 6 .  . h e  10-Inch Fixed Impeller. 
t he  whir l  v e l o c i t y  (V ) i s  immediately generated a t  the leading edge of 
3 
t he  b lade .  This should r e s u l t  i n  turbulent  condit ions a t  the  leading 
edge and along the  p l a t e .  Also, the  j e t  would be separa ted  by the  
leading edge of the  p l a t e  and, because of  i t s  c h a r a c t e r i s t i c  shape, 
separa t ion  of the  l i q u i d  o r  c a v i t a t i o n  should cccur .  These condit ions 
could produce uns table  flow downstream of the  impeller  which would a f -  
f e c t  t h e  vor tex .  From Figure 7 it i s  apparent t h a t  between the  blades 
of the  impeller ,  from the  periphery to  t h e  hub, free-f low a r e a  occurred, 
t h a t  is ,  a r e a  through which l i q u i d  could flow r e l a t i v e l y  unaffected by 
the  impeller .  This,  of course, would r e s u l t  i n  unstable flow condit ions 
and would permit d i r e c t  s h o r t - c i r c u i t i n g  t o  the  overflow pipe ,  ( see  
Figure 2 . )  Another l imi ta t ion  of t h i s  impeller  is the  f a c t  t h a t  t h e r e  
is  no appreciable increase  i n  v e l o c i t y  of  the  f l u i d  along the  a x i s  of 
the  tube. An impeller  contained i n  an annulus would increase  the  veloc-  
i t y  and r e s u l t  i n  a higher whirl  ve loc i ty  f o r  a given flow r a t e  and 
blade angle ,  Thus, it seemed necessary t o  design a blade which wmld 
gradually a c c e l e r a t e  the  l i q u i d  and el iminate any free-flow area ,  par-  
t i c u l a r l y  near the  cen te r  of the  sec t ion;  however, design would have t o  
be simple enough t o  be constructed economically. With these  ccndi t ions  
i n  mind, i t  was decided t h a t  p e r h ~ ~ p s  the simplest  shape would be t h a t  of 
an a r c  of a c i r c l e  contained i n  an annulus. This shape would p r o d ~ c e  e 
gradual  whir l  acce le ra t ion  of  the  l i q u i d ,  would be r e l a t i v e l y  simple t o  
layout ,  and would be r e l a t i v e l y  :-imple t o  bu i ld .  It would a l s o  permit 
t h e  e l iminat ion  of free-f low area ,  and, b e c a u ~ e  of the  annular  construc-  
t i o n  would give a higher whirl  ve loc i ty ;  it should a lcn  e l iminate  shor t -  
c i r c u i t i n g .  Since f i n z l  design f o r  hydraulic impellers  necessi t8, tes  an 
-. Y 
Figure 7. The 10 -Inch Fixed Impeller--Top View. 
empirical approach, it was decided t o  design, t o  construct ,  and t o  t e s t  
an impeller using blades based on the  a r c  of a c i r c l e .  Modifications 
could then be made i n  blade design, i f  necessary. 
The e s sen t i a l s  of blade construction may be separated i n t o  four 
pa r t s  [See Figure 8 ( a ) ] :  
1. the t r a i l i n g  edge angle, 
2. the  blade length, 
3 .  the  d i s t r i bu t i on  of curvature between leading and t r a i l i n g  
edges, and 
4. the  blade thickness.  
Since the  a r c  of a c i r c l e  has been chosen f o r  the  shape of the  
blade, the  d i s t r i bu t i on  of curvature has been f ixed.  However, considera- 
t i o n  must be given t o  the  other e s sen t i a l s  of blade construction.  I n  
order t o  develop re la t ionships  f o r  the  length of the  blade and the  t r a i l -  
ing edge angle, assume tha t  a f ixed vane i s  contained i n  a tube of radius 
r . [See Figure 8 (b)  ,I A f l u i d  flows i n  the tube with an approach veloc- 
i t y  u,and the  vane adds a tangent ia l  o r  w h . i r l  ve loci ty  V t o  the  o r i g i -  
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nal  ve loc i ty  u .  It i s  desired t o  produce a flow downstream of the  vane 
such t h a t  the pressure graduation i n  the  r a d i a l  d i rec t ion  within t he  
f l u i d  exact ly  balances the  centr i fugal  force  caused by the  whir l .  
would give a s tab le  ro t a t i ona l  flow without secondary flows with the  ex- 
ception of the wake flow produced by the cen t ra l  body o r  hub. I n  two 
dimensions, t h i s  flow has been invest igated and i s  known a s  vortex flow 
(19). It i s  characterized by the  formula 
v = r/2nr (13) 
where r i s  a constant f o r  any one flow and i s  -kcown a s  the c i rcu la t ion .  
Figure 8. Sketches in Design Development. 
The whirl v e l o c i t y  must be very high i n  order  t o  produce separa-  
t i o n .  The approach v e l o c i t y  u adds very l i t t l e  t o  the  t o t a l  r e s u l t a n t  
ve loc i ty ,  and the  vor tex  v e l o c i t y  d i s t r i b u t i o n  would produce t h e  b a l -  
ance between pressure  g rad ien t  force  and the  c e n t r i f u g a l  fo rce .  
From Figure 8(a) it can be seen t h a t  
The t angen t i a l  v e l o c i t y  V can be obtained from equation 13. The 
c i r c u l a t i o n  r i s  a constant  which depends on the  magnitude o r  s t r eng th  
of the  vor tex .  The value  of r f o r  any p a r t i c u l a r  i n s t a l l a t i o n  w i l l  de- 
pend upon t h e  fo rce  requi red  f o r  separa t ion .  The approach v e l o c i t y  u 
w i l l  depend upon the  inner  body design and entrance e f f e c t s  i n  the  tube 
This v e l o c i t y  i s  a funct ion  o f  radius  r and equation 14 becomes 
a = tan-' ( 2 ~ r u / p  ) . 
Equations 13 and 15 should break down a t  r = 0 .  The vor tex  as 
it a c t u a l l y  e x i s t s  takes  care  of t h i s  f a c t  by having an air  core  a t  i t s  
cen te r .  Behind any c e n t r a l  'body, there  i s  an uns table  wake region 
Paving a width of the  o rde r  of  magnitude c f  t h e  body diameter.  The wake 
and the  vor tex  core can be considered t o  coincide.  Calcula t ion  from 
equation 15 and subsequent equation f o r  the  blade length  must then be 
made over values of r ad ius  from t h e  rad ius  of t h e  c e n t r a l  body t o  t h e  
i n t e r n a l  radius  of  t h e  tube carry ing the  flow. 
The s i z e  of the  vanes may be determined by a considerat ion of t h e  
fo rces  a c t i n g  on the  vanes. The m a s s  of f l u i d  pe r  second en te r ing  and 
annulus of width dr and radius r i s  2pxru.dr, where p i s  the  density of 
the  f l u i d  and u is  a s  previously defined. The torque dT needed 
t o  import a tangent ia l  veloci ty  V t o  the mass flow 2rrpruodr may be 
calcula ted from 
where M 7 mass, 
r = radius, 
V = velocity,  and 
t - time. 
where dF1 is  the force ac t ing  on an annulus of width dr. Equating equa- 
t ions  16 and 17 
If there  a r e  N blades i n  the  f l u i d  turning system, the  force  dF ac t ing  
on an  in f in i t es imal  a rea  C-dr, where C = blade length, i s  
S t r ee t e r  (19) has shown tha t  f o r  a c i r cu l a r  a r c  [See Figure 8(c) .  J 
where L = l i f t  force (pounds), 
2 4 
o = densi ty  ( l b .  sec.  / f t .  ), 
a = R cos p when R = a rc  radius, 
Q = approach angle a s  measured from the chord of the  arc,  and 
f3 = angle formed by l i n e s  R and 2A. 
By construction, it can be seen tha t  
C = cos Q (4a s i n  p) 
a - C 4 cos 8 s i n  p 
2 cos(8 + B) 
= 4npu 4 cos Q s i n  B 
T, = C~cpu 2cos(8 + B)  cos 8 s i n  p 
i f  u is taken perpendicular to R a t  point A, then 
2 
cos (900 -+ g) 
L = Cqu 
cos e s i n  (900 - g) 
Now 8 can be shown t o  b e [ ~ e e  Figure 8 (d ) .  ] 
Then, 
2 
L - C~cpu 
cos yo2- a )  s i n  (90' 900 - 
- P-/ 
The force equation f o r  an in f in i t es imal  a rea  Cadr  then becomes 
2 l-i \- d~ = - pruVdr = CSPU 
N 90 " - (27) 
C O s  (Wo2- a )  s i n  (go0 - +) 
Solving f o r  C,  t he  blade length 
If V i s  the ve loc i ty  needed t o  produce s t ab l e  flow downstream of the  
vanes as given by equation 13, 
90° - a) r cos (wo2- a) s i n  (900 - 7 
C = 
9004- a )  
Thus, t he  blade length is a function of the  number of blades, the approach 
velocity,  th .e  amount of whirl, and the leading edge angle a. Referring 
again t o  Figure 8 ( d ) ,  it i s  evident t ha t  
C 
C O S  a =  C o r R =  - 
R cos a 
where R = radius of curvature of the  a r c  and 
C = blade length .  
Now, it i s  necessary t o  consider the  thickness of the  blade.  From equa- 
t i o n  19, 
2 r( Since for a given set of conditions - puV = constant, 
N 
In order to maintain flexibility, it was decided to pin the 
blades to the hub and to the wall of the outside tube. 
Referring to the sketch, it is evident that the force on the segment 
DB is 
From mechanics, it can be shown that (20) 
where Y = maximum deflection (inches), 
W -: load on cantilever (inches), 
E - modulus of elasticity (pounds per square inch), 
n = length of cantilever (inches), 
bd3 
I = moment of i n e r t i a  = -
12 
3 
77 - width of beam (inches), 
d = thickness of be.am (inches), 
then, 
Thus, design relationships have been developed f o r  considering 
1. the t r a i l i n g  edge angle, 
2. the blade length C and the radius of curvature of the blade 
R, and 
3 .  the thickness of the blade d. 
Using these relationships,  the  impeller calculations were per- 
formed and a re  included i n  the Appendix. The r e su l t s  of these calcula- 
t ions  indicate  t ha t  for  a flow ra t e  of 150 gallons per minute with an 
average tangential  'velocity equal t o  29..7 f e e t  per second: 
R = 0.34 fee t ,  
C = 0.33 fee t ,  
d = 0.125 inch, and 
a = 8 degrees 32 minutes. 
Figure 9 presents the layout used f o r  the blades.  The blade 
blanks were cut and dr'illed from 0.1.25-inch s t e e l  pl.ate according t o  
template B and were hot-formed on the j i g  shown i n  Figure 10. The j ig 
was cas t  from s t e e l  using a pat tern of the same charac te r i s t ic  shape, 
and the pat tern was made by using template A which gave the necessary 
curvature. The blades formed on the j i g  were tapered and mcs'unted on 

Figure 10. Blade Forming Jig. 
t he  core, and the  core wes extended with an  upstream and downstream cone 
t o  reduce turbulence.  me impeller  was held  wi th in  the  tubing sec t ion  
by means of e i g h t  r o l l e d  pins (0.625 inch i n  diamter and 0.5 inch i n  
l e n g t h ) .  The p ins  were placed i n  holes  d r i l l e d  through the outs ide  
tubing i n t o  the  edge of the  b lades .  The completed impeller  i s  shown i n  
Figure 11. 
An assembly drawing without the  d e t a i l  of t h e  impeller  design i s  
shown i n  Figure 12.  










gure 12. Assembly Drawing of 5 -l/2-1nch Fixed-Impeller Separator. 
c- 111 
PROCEDURE 
SETUP OF EQUImNT 
The 5-1/2-inch fixed-impeller separator was assembled and in- 
s t a l l e d  i n  a closed c i r c u i t  with a reservoir  and pump. (see Figure 130) 
Two 1/4-hp mixers a.nd a cooling c o i l  were placed i n  the reservoir .  A 
pressure t ap  was provided above t h e  impeller section, and a Bourbon pres- 
sure gauge ( 0  t o  30 pounds per  square ineh) was i n s t a l l ed  f o r  use a s  a 
pressur 'e~i.ndicator.  !Two 55-gallon s t e e l  drums with discharge valves a t  
the  bottom were provided a s  weighing tanks, and two sheet metal ducts 
were used f o r  t rans fe r r ing  the  overfl7w and underflow tn the weighing 
tanks,  
VISUAL STUDIES 
I n  order t o  determine i f  the impeller, as designed and constructed, 
performed adequately and t o  observe the  flow operation of the  t e s t  sec- 
t ion,  the  i n i t i a l  setup was made using transparent p l a s t i c  tubing. A 
compressed a i r  l i n e  was inser ted through the underflow pipe i n to  the  main 
body of the  t e s t  section.  P'igure 1 4  i s  a photograph of a t e s t  sect ion i n  
operation. Water i s  flowing through the  device with a counter current 
stream of a i r .  Using the  water-air system, high-speed motion p ic tures  
were taken of the operation. (see  Figure 15. ) It was then possible t o  
t race  the path of the  a f r  bubbles and, thus, get  an indication cf flow 
pa t te rn ,  
Figure 13. Sketch of Equipment Setup. 
Figure 14. Pla s t i c  Test  Sect ion .  
Figure 1 5 .  High-Speed Camera and Tes t  Section. 
SEPARATION STUDIES 
Method of Operation 
I n  s o l i d - l i q u i d  separa t ion  s tud ies ,  it i s  des i rab le  t o  s e l e c t  a 
physica l  system which i s  r e l a t i v e l y  uniform and e a s i l y  reproduelble.  
For these  reasons t h e  system, sand and water, was chosen f o r  t h e  sepa- 
r a t i o n  s tud ies .  Sand of  t h r e e  graded s i z e s  w a s  obtained from t h e  
Thomasville, Georgia, p l a n t  of  t h e  Dawes S i l i c a  Mining Company. The 
screen analyses of t h e  sands ape shown i n  Table 1 i n  t h e  Appendix. The 
feed s l u r r i e s  were prepared using t he  following weights of sand: 
Dawes No. 2035 10 l b s .  
No. 45 AFS 20 l b s .  
NO. 85-90 AFS 30 Ibs.  
The composition of the  mixture i s  given i n  Table 1, under the  column 
e n t i t l e d  " ~ i x t u r e  3-2-1 Proport ion."  
Severa l  t e s t s  were made t o  determine t h e  dens i ty  of the sand. 
The displacement methcd cons i s t en t ly  gave the dens i ty  of the m a t e r i a l  
a t  2.63 grams per cubic centimeter .  In  order  t o  s tudy t h e  e f f e c t  of  the  
s o l i d s  dens i ty  on separat ion,  a sample of na t ive  ground ba ry tes  was ob- 
t a ined .  This mate r i a l  had a dens i ty  of 4.42 grams per  r-ubic centimeter  
as determined by t h e  displacement method. 
Operat ive Procedure 
Af te r  replac ing the  p l a s t i c  tubing sec t ions  with s t e e l  tubing, 
t h e  r e s e r v o i r  was f i l l e d  with a weighed mount  of  tap water, and the  pump 
and t h e  mixers were s t a r t e d .  The des i red  amount of s o l i d  was slowly added 
t o  t h e  r e se rvo i r .  The flow r a t e  t o  t h e  t e s t  sec t ion  was ad jus ted  by means 
of  va lves  and the  by-pass l i n e .  ( see  Figure 13.) The underflow s o l i d s  
concentrat ion w a s  maintained a t  the  des i red  value by a d j u s t i n g  the  d i -  
ameter of the  underflow discharge valve .  The percentage of  s o l i d s  i n  
t h e  underflow w a s  approximated by weighing samples of the  underflow. 
The method used w a s  based on t h e  following: 
p = dens i ty  (gram cubic centimeters) ,  
W = weight (grams), and 
V = volume (cubic cent imeters) .  
Subsc r ip t s :  
s = s o l i d s ,  
w = water, and 
t = t o t a l  mixture. 
Ws S = percentage of same by weight i n  mixture = - x 100 w , 
Vt A p lo t  of S versus - yields  a s t r a igh t  l i n e  Prom which values of 
Wt v+ 
S can be rapidly  obtained f o r  a spec i f i c  value of -2 w , 
L 
For each t e s t  performed, pressure drop was recorded, and samples 
were taken of the  underflow and overflow. Flow r a t e s  of these two streams 
were taken simultaneously by diver t ing the streams through metal ducts t o  
the  weighing tanks. After recording the  weights, the  s l u r r i e s  i n  t he  
weighing tanks were returned t o  the rese rvo i r .  
Tests Performed 
Gverflow diameter a s  a variable.--Four runs (runs I-M through IV-M) were 
made i n  order t o  obtain the  re la t ionship  between flow r a t e  and overflow 
diameter. The geometry of the  t e s t  sect ion was f ixed with t h e  exception 
of the  overflow-pipe diameter. Five pipe diameters were used. They were: 
1-, 1-1/4-, 1-1/2-, 2-, and 2-1/2-inch standard s t e e l  pipe.  De ta i l s  of 
the  geometry f o r  each run a r e  given i n  Table 2 i n  t he  Appendix, 
Variat ion of break-plate diameter.-- I n  order t o  obtain information on t he  
var ia t ion  of break-plate diameter with flow ra te ,  run IV-M was repeated, 
with the exception t h a t  the break-plate diameter was decreased t o  four  
inches (run V-M).  
Position of the break plate.--Run VI-M was conducted to determine the ef- 
fect of the break-plate position relative to the overflow nozzle. This 
run was a repeat of run IV-M with the exception that the break plate was 
1-1/2 inches from the top of the overflow pipe. 
Dimensions of test section.--The effects of length of test section and 
height of overflow pipe were investigated in runs VII-M and VIII-M. In 
run VII-M, the distance between the overflow nozzle and the trailing 
edge cone of the impeller was the same as fcr run IV-M (4-5/8 inches), 
but the test section was extended to 32-1/4 inches below the impeller 
flange . During run VIII -M, the same test-section length (32- 1/4 inches) 
was used, but the overflow nozzle wab placed 18.9 inches below the 
trailing edge cone of the impeller. 
Tangential discharge investigation.--Runs I-M through VIII-M were con- 
ducted with the underflow being drawn off through an outlet perpendicular 
to the axis of the test section. In order to determine the effect of a 
tangential underflow discharge, the perpendicular discharge was closed, 
and run IX-M was conducted using the tangential discharge port in the 
discharge assembly. (see Figure 4. j 
Underflow-salids concentration.--The effect of the percentage of solids 
in the underflow was investigated by repeating sun PV-?4 with underflow 
solids concentration of approximately 44 per cent (run X-M). Thus, by 
comparing IV-M with X-M, an indication of the variation of underflow 
solids concentration could be obtained. Run X I I - M  was carried out with 
an underflow so1i.d~ concentration of apprcximately 70 per cent with t'he 
concentration of feed solids of about 25 per cent. 
Feed-solids concentrat ion.--In order  t o  g e t  information of the  e f f e c t  o~ 
feed-sol ids  concentrat ion on separa t ion  po in t ,  runs XI-M and XII-M were 
c a r r i e d  o u t  with a feed increased t o  approximately 25 per  cent  s o l i d s  by 
weight . 
E f f e c t  of  s o l i d s  density.--Since it appeared t h a t  the  s o l i d s  dens i ty  
should be inves t iga ted ,  run XIII-M w a s  conducted. This run was a repeat  
of run IV-M with regard t o  geometry, but  barytes  ( a  dens i ty  of 4.42 grams 
per  cubic cemtimeter) w a s  s u b s t i t u t e d  f o r  the  sand of run IV-M. The r e -  
corded data  f o r  a l l  of these  runs a r e  presented i n  Table 2 i n  t h e  Appen- 
d ix .  
METHOD OF ANALYSIS AND CALCULATION 
Sample Analysis 
Since c e r t a i n  information was necessary i n  order  t o  evaluate  the  
50 per  cent  separa t ion  po in t  and percentage of coarse- and f i n e - p a r t i c l e  
s o l i d s  separa t ion  e f f i c i ency ,  the  underflow and overflow samples taken 
i n  runs I-M through XIII-M were processed i n  t h e  labora tory .  
The a n a l y t i c a l  procedure w a s  as fol lows:  
1. The jar p l u s  t h e  sample w a s  weighed t o  one-tenth of a 
gram. 
2. The sample w a s  wet screened on U. S. Standard Sieve 
Screens : 
3 .  The mate r i a l  r e t a ined  on each screen was dried and weighed. 
4. The jar w a s  d r i ed  and weighed. 
From t h e  t o t a l  weight of the  sand and t h e  t o t a l  weight of t h e  
sample, the percentage of s o l i d s  i n  the sample w a s  ca lcula ted .  Since 
t h e  weight of s o l i d s  re ta ined  on each individual  screen w a s  recorded f o r  
t h e  underflow and overflow, it was poss ib le  t o  ca lcu la te  t h e  50 p e r  cent  
po in t  and a percentage coarse-and f i n e - p a r t i c l e  separat ion.  
Calculat ion of Data 
F i f t y  pe r  cent  point  (p)  . --The 50 per  cent  separa t ion po in t  w a s  calcu- 
l a t e d  a s  follows: 
p - percentage of a s p e c i f i c  s i z e  i n  t h e  feed repor t ing  t o  t h e  underflow 
where X = overflow r a t e  (pounds p e r  second), 
Y = underflow r a t e  (pounds per  second), 
M x  = weigh,t of s o l i d  re ta ined  on a s p e c i f i c  screen i n  t h e  overflow 
sample, and 
My := weight of s o l i d  re ta ined  on a s p e c i f i c  screen i n  t h e  underflow 
sample, 
Since t h e  s o l i d s  re ta ined  on a s p e c i f i c  screen contain mate r i a l  
t h a t  would j u s t  pass the  next  l a r g e r  screen, t h e  arithmetic average of 
the screen openings i n  microns of t h e  screen on which. t h e  mate r i a l  was 
re ta ined  and .the next  l a r g e r  screen w a s  used as t h e  p a r t i c l e  s i z e  of t h e  
mater ia l .  For example, s o l i d s  re ta ined  on a U .  S, Standard Sieve No. 140 
were assigned a p a r t i c l e  s i z e  a s  follows: 
Sieve No. Sieve Opening 
105 microns 254 microns 
Average : A - 127 microns 
149 microns -
Total  254 microns 
So l ids  which passed a U . S . Standard Sieve No. 325 (44 microns ) were 
assigned a p a r t i c l e  s i z e  of 22 microns. 
P l o t s  were made of t h e  percentage of a s p e c i f i c  s i z e  repor t ing t o  
t h e  underflow versus the  p a r t i c l e  s i z e .  The 50 pe r  cent  po in t  i n  microns 
was read from t h e  curve a t  i t s  i n t e r s e c t i o n  with t h e  50 p e r  cent  l i n e .  
This graphical  procedure i s  i l l u s t r a t e d  i n  Figure 16. The ca lcu la ted  
d a t a  a r e  presented i n  Table6 2 and 3, and sample ca lcu la t ions  a r e  i n -  
cluded i n  the  Appendix. 
Coarse- and f i n e - p a r t i c l e  separa t ion efficiency,--Although the  50 per  
cent  po in t  i s  an exce l l en t  method of def in ing the  separa t ion po in t ,  i t  
does not give any ind ica t ion  of sharpness of separat ion.  - F o r  t h i s  rea.- 
son, a coarse- and f i n e - p a r t i c l e  separat ion e f f i c iency  has been defined 
from equation 10 
wy = percentage of coarse -pa-rti.cle separat ion = [;I x 1.0 
where W i s  equal t o  t h e  weight of s o l i d s  g rea te r  than t h e  50 pe r  cent  
W 
separa t ion po in t  i n  t h e  underflow, and Wc i.s equal t o  t h e  wei.ght. of s o l -  
i d s  g r e a t e r  than t h e  50 per  cent  i n  the  feed, and from equation 11 
W - .rsercen,tage of f i n e - p a r t i c l e  separat ion = 
X 
0 
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Figure 16. Fifty Per Cent Point Determination. 
1 
I 
I 50% POINT = 50 MICRONS 
where Wo = the  weight of so l i d s  l e s s  than t he  50 per cent  point  i n  the  
overflow and 
WF = the weight of the  so l i d s  l e s s  than the  50 per  cent  point  i n  
the  feed.  
Calculated da ta  a r e  presented i n  Table 3 i n  the  Appendix, and 
sample calcula t ions  a r e  included in  the  Appendix. For comparison, Tag- 
g a r t  (21)  e f f i c i enc i e s  were calcula ted and a r e  given i n  Table 3. 
FRESSURE DROP STUDIES 
Although de ta i l ed  energy-loss s tud ies  were not included i n  the  
scope of t he  work, it appeared t o  be of i n t e r e s t  t o  undertake a prel imi-  
nary inves t iga t ion  of energy l o s s  and compare it with the  l o s s  f o r  a 
conventional cyclone. The energy l o s s  f o r  a cyclone has been shown t o  
be ( 3 )  r e l a t ed  t c  the  i n l e t  and overflow diameter. It w a s  reasoned t h a t  
an add i t iona l  va r iab le  of underflow diameter would have t o  be considered 
i n  studying the  fixed-impeller device. Runs were made at  f ixed blade 
angle with varying underflow diameter and overflow diameter. 
Dahlstrorn's (3) capacity r a t i o  was calcula ted f o r  a conventional 
cyclone operating a t  the  same flow r a t e  by obtaining an equivalent round- 
i n l e t  p ipe  diameter f o r  the  impeller device by equation 6.  Using t h i s  a s  
t he  i n l e t  diameter, the capacity r a t i o  was calcula ted from 
where Q/ / (F) ' '~  = capacity r a t i o ,  
Q = gallons per  minute of feed, 
F = energy loss (feet), 
e = inlet diameter (inches), and 
b = overflow diameter (inches). 
CHAPTER IV 
RESULTS 
Data.--Tables 2 and 3 ( i n  the Appendix) contain the  calcula ted data 
f o r  runs I - M  through X I I I - M .  Tables 4 and 5 ( i n  the Appendix) contain 
the operative data and ana ly t ica l  data f o r  the  samples from runs I - M  
through X I 1 1  -M. 
Correlat ion of Data.--Figure 17 is  a p l o t  on log-log coordinates of 50 
per cent point  versus flow r a t e  with overflow diameter a s  a parameter 
f o r  runs I-M through IV-M. These data indicate  a family of s t r a i g h t  
l i n e s  with a slope calculated by method of l e a s t  squares t o  be 0.68 
( the  50 per  cent point  increasing with decreasing flow r a t e  and 
increasing with increasing overflow diameter) , 
The 50 per cent  point  versus overflow diameter i s  p lo t ted  on l o g -  
log coordinates i n  Figure 18. A s t r a i g h t  line can be f i t t e d  t o  these 
points  by least-squares method with slope 0.77. 
Since both overflow diameter and flow r a t e  vary a s  a log function 
of the  50 per cent  point, it appeared t h a t  a correction coef f ic ien t  
should e x i s t  a s  a function of the 50 per cent point .  Since Dahlstrom 
( 3 )  has shown tha t  f o r  a conventional cyclone the  50 per cent  point  
var ies  d i r e c t l y  with the  product of t he  overflow diameter and flow r a t e  
{ra ised t o  the  proper powers) a t  fixed-nozzle diameter, a  product coef- 
f i c i e n t  was t r i e d .  The r e s u l t s  a r e  p lo t ted  t o  log-log coordinates i n  
Figure 19. From Figure 19 it i s  apparent t ha t  the  data can be 
G = FLOW RATE (LB. PER SEC.) 
Figure 17. Fi f t y  Per Cent Point Versus Flow Rate. 

Figure 19. F i f t y  Per Cent Po in t  Versus C o r r e l a t i o n  C o e f f i c i e n t  . 
represented by a l i n e a r  re la t ionsh ip  with a slope of 1.00, and the 
in te rcep t  157 calcula ted by the  method of l e a s t  squares. 
Thus, 
e "- r f P = 50 per  cent point  (microns) = 157 ~6 ' 
G 
Figure 20 i s  a photograph of the p l a s t i c  t e s t  sect ion showing 
flow l i n e s  of the primary and secondary vortex. The e f f e c t  of various 
geometric and physical fac to rs  is presented i n  Figures 21 through 27. 
I n  each case, the  corre la t ion coef f ic ien t  f o r  each t e s t  i s  p lo t ted  
versus the  50 per  cent point, and the base l i n e  represented by e w a -  
t i o n  37 i s  p lo t ted  f o r  reference. Figure 28 is  a p l o t  of the  r e s u l t s  
of run XIII-M. This run was made with the  same geometry a s  the  base 
l i ne ,  but  so l ids  (barytes)  of density 4.42 grams per cubic centimeter 
were used as the  material  t o  be separated. I f  Stokes' law appl ies :  
Then, the diameter r a t i o  of equal s e t t l i n g  veloci ty  p a r t i c l e s  of 
d i f f e r en t  dens i t i es  (assuming the  same s lu r ry  v i scos i ty )  i s  
If t h i s  statement were true,  then density parameter lices could 
be drawn p a r a l l e l  t o  the  base l i n e .  Figure 28 contains the base l i n e  
f o r  reference and the predicted performance l i n e  on the  ba s i s  of equation 
Figure 20. Test Section with Visible Flow Lines. 
Figure 21. E f f e c t  of Break-P la te  Diameter on 50 P e r  Cent  Point- 
e0.77 ~ 0 . 6 8  / 
Figure 22. Effec t  of Break-Plate Position on 50 Per Cent Point. 
*0.77 ~ 0 . 6 ' 3  / 
Figure 23.  Effec t  of Length of Test Section on 50 Per Cent Point .  
Figure 24. Effect  of Distance Between Impeller and Overflow Pipe 
on 50 Per Cent Point. 
p = 50% SEPARATION POINT (MICRONS) 
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Figure 26. Effect of Solid Concentration in Underflow on 50 Per 
Cent Point. 
Figure 27. Effect of Solid Concentration in Feed on 50 Per Cent 
Po in t .  
e0.77/G0.68 
Figure 28. Effect  of Solids Density on 50 Per Cent Point .  
39. It i s  apparent from Figure 28 tha t  agreement between predicted and 
experimental performance is  s a t i s f a c t o r i l y  indicated.  Equation 39 i s  
applicable t o  the  operation of the  device. 
Combining equations 37 and 39, 
The data obtained i n  the preliminary energy-loss s tudies  a r e  
presented i n  Tables 5 and 6 i n  the Appendix. The r e s u l t s  a r e  shown 
graphical ly  i n  Figure 29. A comparison with. the  conventional cyclone as 
calcula ted from equation 9 i s  shown i n  Figure 29.  
Figure 30 i s  a p lo t  of K ( the  in te rcep t  of the  various under- 
CR 
flow diameters of Figure 28) versus underflow diameter. 
Figure 31 presents a comparison among the  fixed-impeller separa- 
tor, the  cyclone, and the  open-top cyclone. The l i n e  f o r  the  cyclone 
was calculated from Dahlstrom's equation (3) and the l i n e  f o r  the 
fixed-impeller equipment from equation 40. The i n l e t  diameter f o r  th.e 
cyclone was calcula ted a s  an equivalent round pipe diameter by equation 
6 .  The overflow diameter was se lected a s  2 -067 inches f o r  both calcula-  
t i ons .  The data shown f o r  the  open-top cyclone was taken from Emmett 
Figure 32 is  a p l o t  of the  percentage of a spec i f i c  p a r t i c l e  s i z e  
i n  the feed report ing t o  the  underflow versus the  p a r t i c l e  s i z e  i n  m i -  
crons. Data a r e  given fo r  a typ ica l  cyclone run from Dahlstrorn (3), 
two fixed-impeller runs and run 117 from Emmett ( 2 2 ) -  The slope and the  
shape of the  curves indicate  the sharpness of separat ion.  From T'able 3 
3igure 29. Capacity Ratio Versus Overflow Diameter. 
C = UNDERFLOW DIAMETER (INCHES) 
Figure 30. KCR of Capacity Ratio Equation Versus Underflow Diameter 
f o r  Energy Loss. 
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Figure 32. Comparison of Sharpness of Separation. 
another comparison of  sharpness of separa t ion can be obtained by com- 
paring coarse -pa r t i c l e ,  f ine-par t ic le ,  and Taggart (21) e f f i c i e n c i e s  . 
CHAPTER V 
DISCUSSION OF RESULTS 
Visual S tudies  
A high-speed motion p i c t u r e  of  t h e  device with a p l a s t i c  t e s t  
sec t ion  i n  opera t ion  confirmed t h e  premise t h a t  the  break p l a t e  d id  
cause the  formation of a  secondary vor tex  around t h e  overflow pipe.  
This  e f f e c t  i s  apparent upon c lose  examination of Figure 20. The stream- 
l i n e s  of the  primary vor tex  a r e  v i s i b l e  on the  surface  of t h e  impeller  
t a i l  cone i n  t h e  upper p a r t  of the  photograph, and those of the  second- 
a r y  vor tex  a r e  v i s i b l e  on t h e  surface  of t h e  overflow p ipe  i n  t h e  lower 
p a r t .  It i s  apparent t h a t  the  l i n e s  of the  primary vor tex  slope down- 
ward t o  the  l e f t  and those  of t h e  secondary vor tex  slope upward t o  t h e  
l e f t .  The photographs of the  blade sec t ion  ind ica ted  t h a t  some turbu- 
lence ex is ted  j u s t  below the  t r a i l i n g  edge of t he  blade; however, sepa- 
r a t i o n  of .the l i q u i d  from t h e  blade edge was not  observed. The t-urbu- 
lence  could probably be reducedby varying blade design, but  t h i s  would 
be d i f f i c u l t  i n  view of t h e  v e l o c i t i e s  involved (25 t o  40 f e e t  pe r  sec-  
ond) . 
Separat ion Studies 
E a r l i e r  i n  t h i s  work equation 8 was assumed f o r  the  device which 
r e l a t e d  t h e  50 per  cent  separa t ion  po in t  t o  overflow diameter,  blade an- 
g le ,  flow r a t e ,  dens i ty  of s o l i d s ,  and dens i ty  of  the  s l u r r y .  Equation 
40 was developed based on experimental da ta  from runs I-M through IV-M 
and mn XIII-M. This equation is of the same form as the assumed equa- 
tion with the exception of the blade angle. Since experimental work was 
performed at a fixed blade angle,this effect of the variable has not been 
evaluated. In view of Dahlstrom's equation (equation 12) and other con- 
siderations presented ea lier in this work, it seems logical to assume 
tat h e  f u n  %;~(-&f' (from equation 8) should vary with the same 
power as the overflow diameter e.  Using ,this assumption, it would be 
possible to predict p for a given set cf conditions. From a considera- 
tion of equation 40 and the data for runs I-M through IV-M of Table 2, 
it is apparent that the 50 per cent separation point increases wi:tln de- 
creasing flow rate and increasing overflow diameter. Also, the separa- 
tion point decreases with increasing solids density and increases with 
increasing feed-slurry density. Thus, if it is desired to increase the 
50 per cent separation point, it can be accomplished by increasing the 
cverflow diameter and feed-slurry density and by decreasing the flow 
rate. Other factors which must be considered are the coarse- and fine- 
particle separation efficiency. From run I-M through IV-M, Table 2, it 
is evident that the coarse-particle separation efficiency decreases with 
decreasing flow rate and 50 per cent separation point. This efficiency 
decreases about 14 per cent over the range of flow rate from 20.2 to 3. 
pounds per second. There does not appear to be a trend for the fine- 
particle separation efficiency as a function of flow rate. 
The effect of increasing overflow diameter on the separation ef- 
ficiencies is represented by runs I -M-3 ,  11-M-1, and IV-M-6. All of 
these runs were conducted at approximately the same flow rate. It ap- 
pears that decreasing diameter of the overflow pipe has the effect of 
decreasing coarse-particle separation effi~iency by about 4.5 per cent 
over the range of diameters 1.05 to 2.47 inches. However, the 94 per 
cent separation efficiency for the 2.47-inch diameter of run IV-M-6 
should be acceptable for most applications of the device. 
The fine-particle separation efficiency trends toward an increas- 
ing efficiency with increased overflow diameter. This efficiency exhib- 
its about a 10 per cent rise over the diameter range of 1.05 tc 2.47 
inches. 
The effects discussed above would be expected, since as flow rate 
is decreased, less centrifugal force is acting on the particles of the 
slurry; consequently, separat~on efficiency is Lower and the 50 per cent 
point is higher. Also, increased gverflow diameter would reduce centrif- 
ugal force, producing the same effect. It is of interest to notetM the 
flow sate had a much greater effect on 50 per cent point and separation 
efficiency than the overflow diameter. It appears that if a higher 50 
per cent point is desrred, the best approach would be to increase over- 
flow diameter and maintain as low flow rate as possible to give a coarse- 
particle separation efficiency In exzess of 90 per cent, 
It was advanced earlier that the various physical and geometrical 
operating factors should affect the K value but not the constants a, c, 
1 
T, and q of equation 8. In order to determine the validity of this pre- 
mise, runs V-M through XII-M were performed. 
The diameter and position of the break plate (run V-M, Figure 21). --From 
Figure 21 it is evident that by decreasing the diameter of the break 
plate an increase in the 50 per cent point occurred. This is contra-ry 
to the ideas advanced earlier in this work in that the smaller diameter 
p l a t e  did  not permit passage of the smaller p a r t i c l e  s t r a t a  t o  the under- 
flow. This difference may be explained by ~ons4de!~at ion of run VI-M, 
Figure 22. Run VI-M w a s  conducted with the break p la te  1,5 inches below 
the  overflow-pipe discharge. By decreasing the distance between the 
break p l a t e  and overflow pipe from 5.75 t o  1.5 inches, a considerable i n -  
crease i n  the 50 per cent point  was experienced. This i s  a t t r i bu t ed  t o  a 
decrease i n  the  height of the  secondary vortex resu l t ing  i n  a decrease i n  
re tent ion t i m e  of pa r t i c l e s  i n  the centr i fugal  force  f i e l d .  This 1s  sub- 
s tan t ia ted  fur ther  by the  decrease i n  coarse-part icle separation e f f i -  
ciency  a able 2 )  , Another f ac to r  contributing t o  the e f f e c t  of the sec- 
o n d a ~ y  vortex i s  the  volume of the  s lu r ry  moving upward i n  the secondary 
vortex.  That is, since t he  break-plate diameter was reduced f o r  run V, 
l e s s  material  would be diverted upward, and since l e s s  materlal  was being 
subjected t o  centr i fugal  force, l e s s  t o t a l  separation would take place.  
Length of t e s t  section and distance between impeller and overflow-pipe 
outlet.--From run V I I - M ,  Figure 23, it can be observed t h a t  a s l i g h t  de- 
crease i n  the  50 per cent point  was experienced by extending the  t e s t -  
sect icn length,  The e f f ec t  of lengthening the  vortex core, t h a t  i s ,  t he  
distance between the  impeller and overflow ou t l e t ,  i s  shown i n  run VI I I -M,  
Figure 24. It i s  apparent that  by extending the  distance between the  i m -  
p e l l e r  and the  overflow ou t l e t  from 4.63 t o  19 inches, an increase i n  the  
50 per cent point  i s  experienced, This Incyease i s  about 10 microns a t  
1 5  t o  20 pounds per second feed s a t e  and about 20 microns a t  5 t o  10 
pounds p e r  second feed r a t e .  Run VIII-M exhibi ts  a s l i gh t ly  lower eoarse- 
p a r t i c l e  separation eff ic iency t b n  sun IV-M and a s l i gh t ly  higher f ine-  
p a r t i c l e  separation efficiency.  This indicates  t h a t  by increasing the 
a r e a  through which l i q u i d  can flow t o  t h e  core, more coarse s o l i d s  a r e  
c a r r i e d  out  i n  t h e  overflow, ~ e s u l t i n g  i n  a high percentage of the t o t a l  
feed being t r ans fe r red  out of the  overflow and a decrease i n  t h e  percent-  
age of water volume s p l i t  t o  t h e  underflow. By comparing t h e  da ta  i n  Ta- 
b l e  2 f o r  runs IV-M and V I I I - M ,  it can be seen t h a t  the  above ,rends a r e  
evident ,  
Ef fec t  of t angen t i a l  underflow discharge.--Run IX-M, Figure 25, shows --- 
the  da ta  sbta ined using a t angen t ia l  discharge f o r  the  underflow. It ap- 
pears  from t h e  s c a t t e r  of t h e  d a t a  around the base l i n e  t h a t  t h e  tangen- 
t i a l  discharge had l i t t l e  a f f e c t  on the  operat ion of t h e  device. 
Ef fec t  of s o l i d s  concentrat ion i n  the underflow and water volume s p l i t  - 
t o  t h e  underflow.--A considerat ion of run X-M, Figure 26, ind ica tes  t h a t  
a decrease i n  underflow s o l i d s  r e s u l t e d  i n  separat ion a t  a lower 50 per  
cent  po in t .  This would be expected, s ince  a s  water i s  robbed from the 
overflow, accompanying f i n e  s z l i d s  would be s p l i t  i n t o  t h e  underflow. 
This r e s u l t  would tend t o  decrease the  50 per  cent  separa t ion point .  
The increase  i n  water volume s p l i t  f o r  run X-M over IV-M, shown i n  Ta- 
b l e  2, ind ica tes  t h a t  a g r e a t e r  p e ~ c e n t a g e  of the  t o t a l  water i n  the feed 
d i d  repor t  t o  she underflow. This ind ica tes  t h a t  as l e s s  l i q u i d  i s  
moving through a given a r e a  of  t h e  vor tex  t o  t h e  core, t h e  v e l o c i t y  n o r -  
m a l  t o  t h e  core i s  decreased, and smaller  p a r t i c l e s  a r e  permitted to move 
tcward t h e  periphery of  t h e  sec t ion  and out  of the  underflow. 
Effect  of feed-s lurry  concentration,--Run XI-M, Figure 27, was conducted 
a t  apprcximately 25 per  cent  s o l i d s  i n  the  feed.  Sinee t h e  base l i n e  i s  
represen ta t ive  of runs made a t  a5out 15  per  cent  s o l i d s ,  Figure 27 should 
ind ica te  t h e  e f f e c t  of an increase  i n  s o l i d s  concentrat ion i n  the  feed.  
However, while maintaining an underflow, solids concentration of 50 to 
55 per cent, the percentage of feed water split to the underflow was in- 
creased to about 30 per cent in run XI-M. Thus, it would be better to 
state that Figure 27 indicates the effect of an increased feed-solids 
concentration at approximately vnstant underflow-solids concentration. 
Fawl XII-M was conducted with the same feed as run XI-M, but the underflow- 
solids concentration was increased to about 72 per cent. The resulting 
point was plotted on Figure 27 for reference. This run indicates that 
increased feed-solids concentration produces an increase in 50 per cent 
point at increased underflow-solids concentration. This can be explained 
by considering the volume split to the underflow. In run XI-M, the vol.= 
m e  split  a able 2) was about 30 per cent and in run XII-M about 9 per 
cent. It is interesting to note that by applying simgle proportions to 
runs X-M and XII-M, the predicted lines shown in Figure 27 for 72 per 
cent solids were obtained. This was done as follows: 
Average underflow solids--run IV-M = 51.7 per cent 
Average underflow solids--run X-14 = 44.4 per cent 
Intercept of the base line--Figure 26 - 157 
Intercept of operative line--Figure 26 (sun X-M) = 115 
Underflow solids--run XII-M = 72.2 
157 - 115 - XII-M intercept - 157 
.- 
51.7 - 44.4 72.2 .- 51.7 
Solving this for run XII-M intercept, the intercept would be 
equal to 272. 
It is of interest also that the coarse-particle separation effi- 
ciency remained in the middle 90's for run XII-M, but the fine-particle 
efficiency was drastically reduced. After considering runs X-M, XI-M, 
and XJI-M, it is apparent that detailed investigations need to be made 
on the effect of volume-split and underflow-solids concentration; how- 
ever, it seems reasonable to state that the fixed-impeller device as de- 
signed perhaps should be operated with feed-solids concentration between 
20 and 25 per cent and underflow-solids concentration in excess of 60 per 
cent to achieve separation at larger particle sizes than was experienced 
with the base-line operation shown fn Figure 27. 
Effect of density of solids. -->Run XIII, Figure 28, indicates that an in- 
crease in the density of the solids in the feed slurry results in separa- 
ration at finer particle sizes. It is of interest to note that if the 
densities of %he slurries (equation 39) are taken as 1.0 gram per cubic 
centimeter, that the intercept of the predicted line would be increased 
from 107.4 to 108~6. This slight difference indicates that for water- 
solids slurries, a negligible error will be introduced by using 1.0 gram 
per cubic centimete~ for the density of slurry in equation 40, up to a 
feed concentration sf about 15 per cent solids. 
Pressure Drop Studies 
From Figure 29 it appears that the energy requfrements for the 
fixed-impeller device are less than that of the conventional cyclone. 
Another variable, the underflow diameter, must be considered in addition 
to the inlet and overflow diameters in calculating the capacity ratio for 
the fixed-impeller device. Since the underflow parameter lines are 
approximately pa ra l l e l ,  a consideration of t he  in te rcep t  of these l i n e s  
should permit an evaluation of capacity r a t i o  f o r  the  device f o r  under- 
flows i n  the  range investigated. Figure 30 i s  a p l o t  of these K va l -  
CR 
ues a s  a function of underflow diameter, and the  equation shown on the  
f igure  i s  applicable over the  range studied. For example, i f  t he  capac- 
i t y  r a t i o  was desired f o r  a 0.8-inch underflow pipe and a 1.75-inch over- 
flow pipe, the  0.8-inch diameter would be subst i tu ted i n  t he  equation of 
Figure 30 and the  KcR value obtained. Using t h i s  K value i n  the  equa- 
cl3 
t i on  of Figure 29, t h e  capacity r a t i o  could be calculated,  and a t  a sped 
c i f i c  flow r a t e ,  the  energy l o s s  could be determined. . I t  should be 
pointed out  t ha t  the  re la t ionships  of Figures 29 and 30 are applicable 
only t o  the  over-a l l  geometry of runs I-M through IV-M. I n  order to ob- 
t a i n  a more generalized re la t ionsh ip  f o r  energy l o s s  i n  the  fixed-impeller 
device, a de ta i l ed  invest igat ion of t h i s  var iab le  a s  a function of geomet- 
r i c  and operative fac tors  w i l l  have t o  be performed. However, i n  view of" 
t h e  r e s u l t s  shown in  Figure 29, the  reasoning advanced e a r l i e r  i n  t h i s  
work concerning energy l o s s  i s  sound. That i s ,  because of the overflcw 
discharges out  of t he  bottom of the  device, the  energy l o s s  should always 
be lower f o r  the fixed-impeller device than f o r  a comparable conventicnal 
cyclone, 
Comparison with Cyclone and Open-Top Cyclcae 
Prom Figure 31 it can be seen t h a t  f o r  a spec i f ic  flow ra te ,  t he  
fixed-impeller device separates a t  a considerably higher 50 per  cent point 
than a conventional cyclone but lower than an open-top cyclane. In  t h i s  
comparison Dahlstrom ' s equation ( 3 )  has been used with equivalent overflow 
and inlet diameters to those of the fixed-impeller device. However, the 
open-top cyclone data were obtained by Emmett (22) on a 30-inch diameter 
model, These data were included for interest, but, in view of the size 
of the equipment, it does not appear to be a fair comparison. Since com- 
pleting the planned investigation sf this work, it has become apparent 
that the diameter of the device should be investigated for its effect on 
separation. 
Figure 32 presents a comparison of "sharpnesc" of separation for 
the cyclone, the fixed-impeller device and the open-top cyclone, Run 117 
of the open-top cyclone and run 11-M-5a were plotted on the basis of ap- 
proximately equivalent 50 per cent separation points. The flow rate for 
the open-top cyclone was about eight times that sf the fixed-impeller de- 
vice, It is evident that the cyclone gives a sharper separation than the 
fixed-impeller device, but fcr some applications, this difference in 
sha~pness wo~ld be acceptable with sepa~ation at a large 50 per cent 
point. The comparison of run 11-M-5a with the open-top cyclone is of in- 
terest since the separation is slightly sharper with tVe open-top cycl~ne. 
Sere, as in the case of point of separaticn (~igure 3l)! It mast be remem- 
bered that the sizes and flow rates of the two devices ape vastly differ- 
ent. 
In Figure 32 the cyclone has been considered to separate more 
sharply than the fixed-impeller device cn the basis cf the slopes of the 
curves. The granhical representation of sharpness presents a better pic- 
t u ~ e  of the separation sharpness than either course- or fine-particle sep- 
aration efficiencies, as defined, 3 r  Tagga~t, efficiency (21). This seems 
evident when m e  considers that the Taggart efficiency calculated for the 
cyclone data of Figure 32 is equal to about 75 per cent whereas this ef- 
ficiency for run 11-M-1 is equal to about 73. The coarse- and fine- 
particle separation efficiencies for the cyclone run have been calculated 
to be 95.5 and 82.4, respectively, whereas these same efficiencies were 
98.50 and 69.90 for run 11-M-1, Rowever, the coarse-particle separation 
efficiency, as defined, should be useful for applications where it is 
desirable to maintain an overflow with a minimum of +50 per cent point 
particles. In this case, the higher the coarse-particle separation effi- 
ciency, the better the assignment would be accomplished. The fine- 
particle efficiency should be useful when the opposite of the above is 
the case, 
CHAPTER VI 
CONCLUSIONS AND RECO~DATIONS 
The conclusions r e su l t i ng  from the  present  invest igat ion may be 
summarized as follows: 
1. The equations developed f o r  the  impeller design proved t o  be 
s a t i s f ac to ry  and should be useful  i n  fu tu re  blade design .using a segment 
o f  a c i r c l e  a s  t he  blade contour. Also, the method of der ivat ion of .the 
equations should be appl icable  fo r -der iv ing  equations f o r  o ther  blade 
contours. 
2 .  The t e s t  sect ion designed with "doughnut" f langes,  recessed 
O-ring gaskets, and t i e  sods permitted a rapid  change i n  length of t e s t  
sect ion and other  geometric va r iab les .  It would be appl icable  and should 
f i nd  wide acceptance t o  experimental equipment where rap id  change i n  geo- 
metric va r iab les  is  desiped. 
3 .  An equation (number 40j has been develcped f o r  predic t ing the 
50 per  cent  separation point  f o r  the fixed-impeller device with a speci f -  
i c  blade contour, blade angle, and f o r  a spec i f i c  geometry, This equa- 
t i o n  r e l a t e s  the  overflow diameter, the  flow r a t e ,  and the s c l i d  and s l u r -  
r y  densi ty  t o  the  50 per cent  po in t ,  
4. It has been demonstrated t h a t  the  exponents of  t h i s  equation 
do not vary appreciably with geemetry. The e f f e c t  of changing geometric 
va r i ab l e s  i s  a &ange i n  the  K value of the  equation, 
1 
5. It has been aiivanced t h a t  t he  exponent on the  blade-angle r e -  
l a t ionsh ip  of equation 8 should be the  same as t h a t  of t he  cverflow 
diameter,  i . e . ,  0.77. It has been shown t h a t  the  50 per  cen t  point  i n -  
c reases  with decreasing flow r a t e  and increas ing overflow diameter.  
6 .  An increase  i n  the  break-plate diameter r e s u l t s  i n  separa t ion  
a t  a l a r g e r  50 per  cent  po in t  with l i t t l e  change i n  separa t ion  sharpness. 
7. A decrease i n  the  d is tance  between. the  break p l a t e  and overflow- 
p ipe  o u t l e t  r e s u l t s  i n  separa t ion  a t  a l a r g e r  50 per  cent  po in t  with a de- 
c rease  of about 7 pe r  cent  i n  coa r se -pa r t i c l e  separa t ion  sharpness. 
8. An increase  i n  the  length  of the  vor tex  produces separa t ion  
a t  a l a r g e r  50 per  cen t  po in t  with a decrease of about 4 per  cent  i n  
separa t ion  sharpness ( a s  defined by coar se -pa r t i c l e  separa t ion  e f f i c i ency)  . 
9. The change from perpendicular  t o  t a n g e n t i a l  discharge f o r  t h e  
underflow pipe ind ica tes  no appreciable change i n  50 per  cent  point  o r  
separa t ion  sharpness. 
10 .  A decrease i n  underflow-solids concentrat ion r e s u l t s  i n  a 
lower 50 per  cen t  po in t  with neg l ig ib le  e f f e c t  on separa t ion  sharpness. 
11. An increase  i n  feed-solids concentrat icn produces a lowering 
of the 50 per cen t  point  a t  f i x e d  underflow s o l i d s .  However, when under- 
flow s o l i d s  were increased along with feed  so l ids ,  the  r e s u l t  w a s  an i n -  
crease  i n  50 per  cen t  po in t  with a decrease i n  separa t ion  sharpness. 
12.  The capacity r a t i o  (GPM/F'- 5, f o r  the  f ixed-impeller device 
i s  l a r g e r  than f o r  t h e  conventional cyclone. Thus, as predic ted ,  the  
energy l o s s  i s  less f o r  the  f ixed-impeller  separa tor .  Capacity r a t i o  
was found t o  vary (at  f i x e d  i n l e t  v e l o c i t y )  with overflow diameter, with 
underflow diameter as a parameter. 
1 .  For a given flow r a t e ,  comparable geometric and opera t ing  
f a c t o r s ,  the f ixed-impeller  separa tor  produces a higher 50 per  cen t  po in t  
%+*an the conventional cyclone. The shwpness of separation, as defined 
by Taggart (21) and by coarse- and fine-particle separation efficiencies 
defined in this work, was about the same for the two separations. Wow- 
ever, a graphical method presented for determining separation sharpness 
indicates that the cyclone produces a sharper separation than the fixed- 
impeller separator. Comparison tests with the open-top cyclone were con- 
sidered inconclusive in view of the drastic difference in size and flow 
rates of the two devices, Towever, it is of interest to note that for 
comparable 50 per cent point, the separation sharpness, by the graphical 
method, is slightly sharper for the open-top cyclone than for the fixed- 
impeller separator, 
Within the range investigated, it appears that the fixed-impeller 
centrifugal separator could be used to extend the separation-point range 
of the liquid-salid cyzl~ne. However, additional work should be under- 
taken as fsllows: 
1. Tests should be performed with an increase in the ratio of 
overflow diameter to the section diameter, The results of such an in- 
vestigation would show whether the trend of increased 50 per cent point 
with increased overflow diameter would continue. 
2 ,  The effect of changing blade angle should be fnvestigated to 
dete-mine the relationship of thfs variable with the 50 per cent point. 
3. A detailed investigation of the effect of feed volume split 
to the overflow and underflow should be conducted. This should inclade 
a consideraticn of 50 per cent point and separation sharpness. 
4. The effect of section diameter should be investigated with an 
extension in the range (above and below) of the ratio between the overfl-ow 
diameter and secticn diameter, 
5. Detai led  energy-loss s tud ies  should be performed i n  c rde r  t o  
develop a r e l a t i o n s h i p  f o r  energy l o s s  a s  a funct ion  s f  geometry and cp- 
e r a t i n g  v a r i a b l e s ,  
The p u r s u i t  o f  these  recommendations and continued development 
of the  f ixed-impeller  c e n t r i f u g a l  separa tor  could well  l ead  t o  i t s  ac- 
ceptance i n t o  t h e  i n d u s t r i a l  fami ly  of separa t ion  equipment. 

NOMENCLATURE 
Cross-sect ional  a rea  (square inches)  
Entrance area  of impeller  a t  leading edge of blades 
Discharge area  of impeller  a t  t r a i l i n g  edge of b lades  
I n l e t  diameter ( inches)  
Height of blade ( f e e t )  
Constant i n  equations 1, 7, and 8 
Diameter ( inches)  
Equivalent round pipe diameter t o  give a  ve loc i ty  V 
f o r  flow r a t e  Q 3 
Diameter d p a r t i c l e s  ( f e e t )  
Thickness of blade ( inches)  
Underflow diameter (inches ) 
Overflow diameter ( inches)  
Energy loss  ( feet )  
Flow r a t e  (pounds pe r  second) 
Acceleration due t o  gravity ( 32.2 fee%/second/second) 
Flow r a t e  (gal lons  p e r  minute) 
Head l o s s  ( f e e t )  
Propor t ional i ty  constant,  equation 7 
Propor t ional i ty  constant ,  equation 8 
Propor t ional i ty  constant ,  equation 41 
Propor t ional i ty  constant,  equation 9 






Weight of so l i d s  re ta ined on a spec i f i c  screen i n  
underflow sample 
Pressure (pounds per square inch) 
Flow r a t e  (cubic f e e t  per second) 
Capacity r a t i o  ( o r  GPM/F 0 -5)  
Constant i n  equations 1, 7, and 8 
Radius of a r c  of blade ( f e e t )  
Radius of tube s c t i o n  ( inches)  
Percentage of solids i n  feed 
Constant i n  equations 1, 7, and 8 
Time (seconds) 
Underflow 
Approach ve loc i ty  t o  vane ( f e e t  per second) 
S e t t l i n g  veloci ty  of p a r t i c l e  ( f e e t  per second) 
Tangential veloci ty  
Radial veloci ty  
Velocity a t  blade entrance 
Velocity a t  t r a i l i n g  edge of: blade 
Whirl veloci ty  
Weight of so l i d s  g rea te r  than the  50 per cent  point  
i n  feed 
Weig??t of so l i d s  l e s s  than the  50 per cent  point  i n  
feed 
Weight of so1id.s l e s s  than the  50 per  cent point  i n  
overflow 
Weight of so l ids  g rea te r  than the  50 per  cent  point  
i n  overflow 
Overflow r a t e  (pounds per second.) 
Underflow r a t e  (pounds per second) 
Blade angle a s  measured between a tangent t o  the  blade 
a t  the  t r a i l i n g  edge and the  hor izonta l  
Circula t ion (constant)  
Pa r t i c a l  s i z e  i n  microns a t  the 50 per  cent  point  
(point  a t  which a p a r t i c l e  of spec i f i c  s i z e  repor t s  
equally by weight t o  the  overflow and underflow) 
Viscosity of slurry 
Constant (3.1416) 
Density of s l u r ry  
Density of s o l i d  
Table 1. Sieve Analysis of Sand 
U.  S . Standard A.F.S. A.F.S. Dawes Mixture 3 -2 -1 -I" t .t 
Sieve No. 85 -90 No. 45 No. 2035 Proportion 
-270 1.4 0 -1 ---- 0.45 
'A .F .S . ( ~ m e r i c a n  Foundrymen' s Society s tandard)  . 
'+3 p a r t s  No. 85-90, 2 p a r t s  No. 45, and 1 p a r t  No. 2035. 
Wble 2 .  Calculated Data fo r  S e p r a t l o n  Studles 
m I - M  
U.F. Diameter - J/8-inch--(I#-4) and I-M-5; 1/2-inch--14-2 and I-M-3, )/b-inch--14-1. 
O.F. Diameter - 2-inch standard pipe. 
0 . F .  Height - 4-5/8-inch frcm t a l l  cone of impeller. 
Section Height - 18 Inches. 
Rind Height - 10-3/8 inches. 
Ring Mameter - 5 .Oir inchee . 
Distance betwen break p la t e  and overflow pipe - 5-314 inches. 
Flow Fate ( lbs  ./set .) 
O.F. U.F. Total  
percentage") Percentage of Solid6 
t o  U.F. Feed O.F. U.F. 





Run I I4  
U.F. Diameter - 3/k-inch tubber t u b i w  (variable from J/4 inch t o  0). 
O.F. Mameter - 1-inch standard plpe. 
O.F. Beigbt 4-5/8 inches. 
Section Beight - 18 inches. 
Run Flow Rate ( lbs  . /sec . ) 
O.F. U.F. %ts l  
Percentage 
t o  U.F. 
Ring Height - 10-3/8 inches. 
Ring  D a t e r .  - 5.00 inches. 
Distance wtuenn break p la t e  and overflow prpe - 5-3/4 inches. 
Percentage of S u d s  50 Per Cent 




0 .F. Diameter - 1-114-inch standard pipe-111 Y -1; 1-1/2-inch--1114-2; 2-1/2-iach--11~4-3. 
U.F. Diameter - 3/4-inch rubber tubing (variable from 3/1 inch to 0 ) .  
O.F. Reight - 4-5/8 inches. 
Section Height - 18 inches. 
Ring Height - 10-3/8 inches. 
Ring Diameter - 5.00 inches. 
Distance between plate  and overflou pipe - 5 - 3 h  inches 
Run LIP Flor Rate ( lbs . /se~.)  Percentege Percentage of Solids 50 Per Cent Correlation 
(PSIS) O.F. U.P. TOW t o  U.F. Feed 0.5'. U . P .  Separation Coefficient Point (micram) 
Table 2. Calculated Ista f o r  Separation Studies (Continued) 
;<r. I V U  
U.F. Diameter - 314-inch rubber tubing (variable f r m  314 inch t o  0 ) .  
O.F. Diam3ter - 2-1/2-inch standard Pipe. 
O.P. Eeight - 4-5/8 inches. 
Sectron Beight - 18  inches. 
Ring Beight - 10-3/8 inches. 
Ring Diameter - 5.00 incheE. 
Distance between break plate  and overflow pipe - 5-3 /4  inches. 
m AP Flow Rate ( lbs  ./set.) Percentage Percentage of Solids 50 Per Cent Correlation 
( P S ~ E )  O.F. U.F. Total t o  U.F. Feed O.F. U . F .  
Separation Coefficient 
m i n t  (microns) 
Ave. 51.7 
WluiEmcnt setup same a6 for  run IV-M uith the exception that the ring diameter = 4.03 inches. 
Run 
- - 
Flou Rate (lba ./set . ) 
O.F. U.F. 'Potel 
Percentage 
t o  U.F. 
- - - 
Percentage Of Solids 
Feed O.F. U.F. 
- - 
50 Per Cent Correlation 
S e p m t i o n  Coefficient 
Point (microns) 
Run VI-M 
Equipment setup same a s  fo r  run IV-M with the exception that  the break p la t e  was 1-1/2 inches f r m  top of overflow pipe. 
Flow Rate ( l b s  ./set.) 
O.F. U.F. Totail 
Percentage 
to U.F. 
Percentage of Sollds 
Feed O.F. U.F. 
50 Per Cent 
S e p r a t i o n  
Point (microns) 
Correlation efficient
V l  -M-1 14.03 13.60 5.40 17.00 11 .O 12.82 3.05 51.90 72 0.292 
VI-M-2 10.75 11.85 3.00 14.85 n .8  75 0.320 12.09 2.82 48.70 
VIM-3 6 . 9  10.05 2.55 12.60 11.0 13.78 3.75 53.30 95 0.359 
YI 4 - 4  2.50 6.55 1.30 7.85 9.1 12.68 4.17 52.50 t30  0.4% 
Y1-t.l-5 1.25 4.13 0.60 4.73 7.2 -75 0.698 11.33 5.61 50.70 
(Continued) 
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Table 2. Calculated Data fo r  Separation Studies (Continued) 
Run> 
Same a s  run IV-M except low (approximately 40 per cent) sol ids  i n  underf lw.  
Run ~ l o v  Rate ( ~ b s  ./sec . ) 
O.F. U.F. Total 
Percentage 
t o  U.F. 
Percentage of Solids 
Feed O.F. U.F. 




Coef f ~ c i e n t  
XM-1 





Same as run IV-M except feed concentration equals approximately 25 per cent sol ids .  
F l w  Rate ( lbs  ./set .) 
O.F. U.F. Total 
Percentage 
to U.F. 
Percentage of Solids 
Feed O.F. U.F. 






Same a s  n m  XI-M-1 except underf lw sol ids  were approximately 70 per cent. 
XIIH-1 11.00 14.85 4.80 19.65 8.72 22.41 6.29 72.50 77 0.265 
Run XIII-M 
Same a s  run IV except barytes (density of 4.42 gm./cc.) was substituted for  the sand 
Run Flow Rate ( lbs  ./set .) 
O.F. U.F. Total 
Percentage 
t o  U.F. 
Fercentage of Solids 
Feed O.F. U.F. 





1. Percentage t o  underflow means percentage by weight of water in  feed reporting t o  underflow. 
2. Unexplained experimental e r ro r .  
3. Unstable operating range. 
4 .  Unexplained experimental e r ro r .  
5 .  Ssme a5 nm I I I U - 3 .  
6. Unstable operating range. 
Table 3, Separation Efficiencies 











Table 3. Separation Efficiencies (continued) 







VLI  -M-1 
V I I  -M-2 
V I I - M - 3  
V I I  -M-4 
V I I - M - 5  
VIII -M-1 
VIII -M-2 
V I I I - M - 3  
VIII-M-4 
VIII -M-5 
Table 4. Operative Data of Separation Investigation 
U.F. Diameter - (3/8 inch--1-M-4 and 5) (1/2 inch--I-M-2 and 3)  Section Keight - 18 inches 
(3/4 inch--I+-1) standard pipe R i n g  Height - 10-318 inches 
O.F. Diameter - 2-inch standard pipe Ring Diameter - 5.00 inches 
O.F. Height - 4-5/8 inch from t a i l  cone of impeller Distance between break p l a t e  and overflow p ~ p e  - 5-3/4 inches 
Run Ae Underflow Overflow Time Flow Rate (Ib!, ./sec .) 
( p a i d  Tare Wt. Lbs . Tare W t .  U.F. O.Y. Lbs, (set.) 
Run I1 -M 
U.F. Diameter - 314-inch rubber tubing (var iab le  from 3/4 inch t o  0 )  Ring Height - 10-3/8 inches 
O.F. Diameter - 1-inch standard pipe Ring Diameter - 5.00 inches 
O.F. Height - 4-5/8 inches Distance between break p l a t e  and overflow pipe - 5-3/4 
Section Height - 18 inches inches 
Run A? Underflow Overflow Time Flow Rete (lbs ./sec . ) 
(ps ig)  Tare W t  . Lbs . Tare W t  . Lbs,  (set . )  U.F. O.F. 
Run III-M 
U.F. Diameter - 3/4-inch rubber tubing (var iab le  from 3/4 inch t o  0)  Ring Beight - 10-3/8 inches 
O.F. Height - 4-5/8 inches Ring Diameter - 5.00 inches 
Section Height - 18 inches Distance between break p l a t e  and overflow pipe - 5 -3/4 
inches 
Ruri O.F. niametcr A? Underflow Overflow Tine Flow Rate ( l b s  ./see. ) 
Standard Pipe (ps ig)  
Tare W t .  Lbs. Tare W t .  Lbs. (8ec.I (inches) O.F. U.F. Total  
Run IV-M 
U.F. Diameter - 3/4-inch rubber tublng (variable from 3/4 inch t o  0) Ring ~ e l g h t  - 10-3/8 Inches 
O.F. Diameter - 2-1/2-inch standard pipe R i n g  Diameter - 5.00 inches 
O.F. Height - 4-5/8 inobes Distance between break p l a t e  and overflow pipe - 5-3/4 
Section Height - 18 inches inches 
Ae Underflow Overflou TiW Flow Rate ( l b s  ./sec . ) 
(psi&) m r e  w t .  L ~ S  . %re w t  . Lbs. (set.) O.F. U.F. 
See data f o r  11144-3 
2.5 62.0 u 4 . 0  52.0 56.0 92 .O 36.0 l o  
(Continued) 
Table 4. Operative Data of Separation Investigation (continued) 
Run V-M 
Equipment setup same as run IV-M with the exception that the ring diameter was equal to  4.00 inches. 
R u n  AF' Underflow Overflow Time Flow Rate (lbs,/aec. ) 
(psig) Tare w t  . ~ b s .  Tare W t .  Lbs, ( ~ e c . )  U.F. O.F. 
Run VI -M 
Equipment setup same as run I V - M  with the exception that the break plate was 1-1/2 inches from top of overflow pipe. 
Run AP Overflow Underflow Time Flow Rate (lbs ./see .) 
(ps i&)  Tare W t .  Lbs . Tere W t .  O.F. U.F. Lba. (set.) 
VI-M-1 14.00 56.0 192.0 136.0 62.0 96.0 34.0 10 13.60 3.40 
VT M-2 10.75 56.5 1 . 0  118.5 6 93.0 30.0 10 11.85 3.00 
VI M-3 56.5 157 -0 100.5 63.0 88.5 25 -5 10 10.~5 e.95 
VI-M-4 6'go 2.50 56.0 1 u . 5  65.5 63.0 76.0 13.0 10 6.55 1.30 
VI u -5 1.25 56.5 139 .O &.5 63.0 75.0 12.0 20 4.13 0.60 
Run V I I  -M 
Same conditions as  run IV-M except overflow plpe was 14.25 inches 10-r and t e s t  section height was 72.25 inches. 
Run he Overflow Underflow Tine Flow Rate (lbs ./see. ) 






Same as run VII-M except the overflow height was 19 inches from tail cone of impeller. 
Run AP Overflow Underflow Time Flow Rate ( lbs  ./see. ) 
( ~ 6 % )  Tsre W t  . Lbs . Tare W t  . Lbs. ( ~ e c .  O.F. U.F. 
VIIIM-I 11.50 56.0 Zm.0 144.0 62.5 105.5 43 .O 10 14.40 
VIII -M-2 9.30 57.5 179.0 1 .  62.9 94.5 31.6 10 12.15 
V~II -M -3 56.0 166 .o u 0 . 0  62.7 99.6 36.9 10 u.00 
VIII-W-4 6'25 3.00 56.0 134.0 78.0 62.5 82.5 20.0 10 7.80 
VIII-M-5 1.90 56.5 149.5 93.0 62.7 80.0 17.5 20 4.65 
Run IX-M 
Same as run I'J-M except tangential discharge. 
Run AP Overflow Underflow Time Flow Rate ( lbs  ./sec . )  
("'jig) Tare Wt . Lbs . Tare W t .  Lbs . (set.) O.F. U.F. 
Table 4. Operative D a t e  of Separation Investigation (Continued) 
Run-XU 
Same a s  run IVM except low (approximately 40 per cent )  so l ids  i n  underflow. 
Run AP Overflow Underflow Time Flow Rate ( l b s  ./set .) 
(psig) mre W t .  Lbs. Tare W t .  Lbs . (set.) O.F. U.F. 
X -M -1 




R u n  XI* 
Same a s  run IV-M except feed concentration i s  approximately 25 per cent s o l i d s .  
Sun AP overflow Underflow Time Flow Rate (lba./sec .) 
(psi&!) Tare W t  . Lbs . Tare W t .  Lbs . ( sac . )  O.F. U.F. 
Run X I 1 4  
Same a s  run XIM-1 except underflow s o l i d s  were approxitnately 70 per cent .  
XIIM-1 11.00 56.5 205.0 148.5 63.0 111.0 48.0 10 14.85 4.80 
Runs V-M-5, 11-M-5, and 1 4 - 4  Repeat Data 
Run bP Overflow Underflow Time Flow Rate ( lbe  ./aec .) 
(ps ig)  Tare W t .  Lbs . Tare Wt. Lbs. (set.) O.F. U.F. 
V-M-5 (a)  2.00 56.5 142.0 85.5 62.5 9 . 5  28.0 15 5.7 1.87 
11-M-5(a) 2.00 56.2 117.0 60.8 64.0 79.1 15.10 30 2.03 0.503 
I-M-4 ( a )  2.60 56.5 110.0 53.5 62.4 80.0 17.60 10 5.35 1.76 
Run XIII-M 
Same a s  run I V  except barytes (density of 4.42 grams per cubic centimeter)  was subs t i tu ted  f o r  the  sand. 
Run AP Overflow Underflow Time Flow Rate ( l b s  ./see. ) 
(psig) Tare W t .  Lbs . Tare W t .  Lbs. U.F. O.F. 
Table 5 .  Analytical Data for Separation Investigations 
Run I-M - Analysls 
I-M-1 1 4 - 2  1 4 - 3  I-M-4 I-M-5 
0.F.-1 O.F.4 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 O.F.-2 U.F. 0.F:l 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 
W t .  jar and sample 2426.2 2337.4 1560.0 2 ~ 3 . 2  2204.5 1394.6 2443.1 2397.5 1445.1 2413.3 2383.5 1374.5 2439.7 2372.9 1216.5 
~ t .  jar 707.6 706.3 683.8 659.9 687.1 683.8 689.0 684.2 688.4 687.4 683.3 687.2 685.5 684.1 687.6 
wt. sample 3349.7 3,6.2 3030.7 710.8 3467.4 756.7 3426.1 687.3 3543.0 528.9 
Wt. sand 13.6 326.9 42.6 355.9 53.2 371.8 93.3 29'4.5 134.9 253.4 
Screen Analysis 
Run 1 1 4  - Analysis 
1144-1 I1 -M-2 II-M-3 11-M-4 11-M-5 
O.F. U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. O.F. -1 0.F.-2 U.F. 0.F.-1 U.F. 
W t .  jar and sample 2212.6 854.4 2182.8 2l39.0 808.8 2209.8 2322.3 876.4 2457.0 2219.1 910.8 2502.8 928.3 
~ t .  jar 684.1 682.6 W.4 683.8 68.18 681.9 685.5 686.5 685.6 684.1 688.7 680.9 687.5 
wt. sample 1528.5 171.8 2953.6 127.0 3164.7 189.9 3306.4 nee.1 1 6 u . 9  240.8 
W t .  sana 7.9 94.43 12.99 55 . O l  20.71 101.553 44.827 17.654 48.54 134.895 
Screen Analysis 
(continued) 
'Cable 5. Analyt~cal Data for Separation Investigation (~ontinued) 
Run 1 1 1 - M  - Anslysls 
Wt. jar and Bample 
w t .  jac- 
w t .  sauple 
w- 
Screen Analysis 
111-4 1 111 4 - 2  1114-3 
0.F.-1 0.F.-2 U.F. O.F:l 0.F.-2 U.F. D.F. -1 0.F.-2 
2351 .0 2283.7 1022.2 2372.5 2296.4 985.8 2349.4 2250 .O 
683.6 688.8 683.5 633.4 683.6 684.9 688 .5  683.2 
3262.3 338.7 300.9 






RUn IV-M - Analysis 
IVU-1 IV-M-2 IV-M-3 IVY -4 I V  -M -5 1V-i.I-7 
0.F.-l 0.F-2 U.F. 0.b.-1 0.F.-2 U.F. O.F. U.F. O.F. U.F. O.F. U.F. 0 .F . - l ( a )O.F . -2 (b)  U.F. 
W t .  jar and m p l e  2176.7 2175.0 930.0 2263.5 ~ 0 2 . 8  1100.7 2 h . 7  1009.1 P484.2 975 2500.9 1070.0 2384.5 2381.1 948.1 
wt. jar 684.4 683.3 €82.7 683.9 685.8 681.9 687.9 684.0 686.7 604.3 685.0 687.4 683.5 684.5 683.3 
w t .  sample 2983.9 247.3 m(8.6 418.8 1723.8 325.1 1797.5 293.7 1815.9 182.6 170.1 1696.3 264.8 
w t .  sand 46.58 142.24 49.82 206.9 38.54 165.47 M.33 128.45 87.46 178.67 ------ ------ 138.23 
Screen Analysis 
(continued) 
Table 5.  Analytical Data f o r  Separation Investigation (continued) 
Run VM - Analysis 
0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. O.F. U.F. 
W t .  jar and sample 2289.8 2344.2 855.9 2260.2 2411.0 994.4 2391.4 2409.1 988.8 2425.0 2408.2 950.8 2550.0 920.5 
W t .  jar 688.5 685.1 683.4 683.8 686.2 684.7 685.7 686.2 688.3 a . 8  688.7 683.1 686.0 687.2 
Wt . sample 3260.4 172.5 3301.2 309.7 3428.6 300.1 3462.7 267.7 1864.0 235.3 
wt. sand 56.71 90.33 5 6 . n  163.06 81.07 159.13 106.07 142.66 84.68 131.06 
Screen Analysis 
RU n+l - Analysis 4/30/55 
O.F. -1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. O.F. U.F. 
~ t .  jar  and sample 2265.1 2221.5 1198.0 2324.2 2318.0 998.3 2371.5 2432.2 993.4 2436.1 2365.6 939.3 2572.0 965.0 
~ t .  jar  686.2 686.1 m.1 683.7 684.7 683.2 685.2 682.7 588.0 681.7 698.4 683.1 m . 9  683.4 
wt. sample 3114.3 510.9 32-n .8 315.1 3435.8 305 3431.6 256.2 1891.1 281.6 













Table 5. Analytical Data for  Separation Investigations (continued) 
Run V I I - M  - Analysis 8/1/55 
VII-M-1 VlIM-2 VII-M-3 VII-M-4 VII-M-5 
0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. O.F:l 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 
W t .  J a r  and sample 2350.7 2357.8 949.5 2355 .I 2385.8 976.5 2228.0 9475.2991.6 2497.7 2348.2 553.2 2378.3 2462.0 940.7 
W t .  Jar  685.1 685.1686.8 685.1 685.1 689.1 685.1 685.1 684.6 695.1 685.1 686.7 685.1 685.1 685.0 
W t  . sample 3338.3 262.7 3370.7 287.4 3333.0 307-0 3475.7 266.5 3470.1 255 -7 
W t .  sand 62.56 140.99 65.68 155.24 76.59 168.17 125.68 148.60 147.21 131 .W 
Screen Analysis 
Run VIII -M - Analysis 
VIII-M-1 VIII-M-2 VIII-2:-3 VIII-M-L( VIII-M-5 
0 .F. -1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0 3 - 1  0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F .  
W t .  j a r  and sample 2062.2 2269.6 m.0 ~ 9 8 . 5  2203.0994.5 2314.8 2319.7 526.0 2440.k 2282.3990.5 2518.6 2558.6 1023.7 
w t .  jar  684.6 687.5 683.5 684.9 685.1671.1 707.9 695.1665.4 703.7 654.7 694.5 693.4 698.0 657.7 
~ t .  sample 2859.7 216.5 3033.5 323.4 3231.5 260.6 3354.3 295.6 3665 .8 356.0 
W t .  sand 73.41 109.67 84.35 177.13 105.51 133.56 123.40 153.57 208.24 196.63 
(continued) 
Table 5 .  h e l y t i c a l  Dste for  Separation Investigations (continued) 
Run I X - M  - Amlysls 
IX-M 1 I X  -M -2 1 x 4 - 3  1 x 4 - L  IXM-5 
0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-l 0.F.-2 U.F. 0.F.-1 0.F.-. U.F. 
~ t .  jar and sample 2316.5 2253.7866.0 2llb.5 2l91.7 981.8 2312.3 2.186.8 9 0 . 8  2276.6 2209.0 875.9 2529.0 2484 .O 1035.7 
w t .  J a r  668.7 699.3 707.6 667.0 698.8 671.9 633.8 704.6 685.5 667.8 675.5 a . 5  689.8 670.3 683.3 
W t  . sample 3202.2 158.4 W . 4  309.9 3125.7 a 5 . 3  3142.3 194.4 3652.9 352.4 
W t .  sand 73.77 77.39 77.44 172.26 96.08 100.45 108.59 107.03 156.38 177.17 
Screen Analysis 
Run XU - Analysis 
0.F.-1 0.F.-2 U.F. 0.F.-l 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0 3 - 1  0.F.-2 U.F.  0.F.-1 0.F.-2 U.F. 
W t .  J a r  and sample 2252.1 Pg6.3 993.6 2218.2 2335.1 982.4 2216.0 2301.8 968.8 2385.0 2470.3 924.k 2235.8 2446.0 9 . 0  
~ t .  jar 703.5 675.0725.1 676.7 704.1 711.0 698.5 685.0672.0 662.3 a . 0  670.4 666.9 706.4 663.3 
w t .  sample 5069.9 265.5 372.5 W1.4 5134 -3 ~ 5 . 8  3512.0 254.0 3308.5 326.7 
W t .  sand 69.61 114.38 71.08 120.38 7 7 3  127.23 112 .~3  ----- 129.55 146.70 
Screen h l y s i ~  
(continued) 
Table 5. Analytical bta for Separation ImrestigationS (~0IIt i~uad) 
Run XI-M - Analysis 
XI+-1 X I  -M -2 XI-M-3 XI#-4 X I  -M -5 
0.F.-1 0.F.-2 U.F. 0.F.-l 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 0.F.-2 U.F. 0.F.-1 U.F. 
W t .  jar and sample 2278.4 2251.5 1070.3 2357 .O 2379.8 941.2 2313.8 2225.4 ~ 3 5 . 5  2372.6 2465.0 870.0 2540.0 854.6 
W t .  jar 684.7 683.2 687.5 683.5 a . 7  634.0 m . 9  687.7 685.5 686.0 683.5 681.5 681.0 583.3 
~ t .  sample 3162. o 392.8 3568.6 257.2 3169.6 450.0 3468.1 188.5 1859.0 171.3 
~ t .  sand 79.65 202.54 102.83 128.09 ll7.02 253.19 178.94 101.41 120.47 92.23 
Screen Analysis 
40 ----- 65.58 ----- 3 7 . a  -- -- 52.97 ----. 33.68 ----. 32.60 
50 1.17 30 .a 1.71 20.56 2.54 43 -11 6-75 17.63 8.25 16.54 
70 1.50 28.45 2.47 16.56 3.24 30.56 7-57 12.6~ 7.29 12.52 
100 3.87 26.12 5.85 17-67 8.09 31.47 l7.7a 13.43 14-91 11.38 
140 7.42 22.06 11 -58 16.12 15.87 25.16 28.h 11 -17 21.21 9-15 
200 ~ 1 . 1 8  18.15 17-02 12.08 21.69 18  -74 36.85 8.w 25.13 6.45 
230 5.66 4.64 7.39 3.25 7.91 4.07 12.34 1.Q 8.24 1.30 
325 6.07 3.28 8.74 2.09 9.B 3 -02 13.87 1.17 8.48 0.73 
-325 42.78 3.66 48.07 2.76 47.87 4.09 55.01 1.a 26.96 1.56 
R u n  XII-M - Analysis 
X1I-M-1 
O.F. 1 0.F.-2 U.F. Screen Analysis ~ v e  . U.F. Ave . U.F. Screen Analysis 
W t .  jar and sample 2228.3 2093.0 977.4 40 ------ 63.24 200 39.40 19.94 
~ t .  jar 684.1 686.5 683.1 50 8.83 230 1 4  1 3  3-64 21% W t .  sample 2951 -4 294.3 70 8.24 325 13-37 2-28 
185.82 212.80 100 17 -59 X.78 -325 50.19 2.12 
140 33.47 26.50 
Run XIII-M - Analysls 
XIII-M-1 XIII-M-2 XIII-M-3 XIII u -4 XI11 -M -5 
0.F.-1 0.F.-2 U.F. O.F. U.F. O.F. U.F. 0.F.-1 0 3 . - 2  U.F. 0.F.-1 0.F.-2 U.F. 
W t .  Ja r  and sample 2131.8 W7.8  886.3 2061.8 952.0 2272.3 684.0 2 ~ 2 . 6  2370.0 71.4.0 2401.4 232l.7 695.6 
W t .  jar 686.7 686.7 687.0 659.6 689.0 664.0 582.1 702.9 671.4 398.2 703.6 670.5 397.2 
wt. sample 2916.2 199.3 1402.2 263.0 1608.3 301.9 3SOB.3 315.8 3349.0 298.4 
w t .  w o 4  113.80 113.05 59.76 1'70.87 n .78  155.34 182.76 159.04 210.03 152.86 
Screen Analysis 
Table 6. Operative Data of Pressure Drop Studies 




Distance between break p l a t e  and overflow pipe 
Liquid 
S t a t i c  Pressure 
4-5/8 inches 
18 inches 




2.2 ps ig  
0 .F . Diameter 
Nom. Pipe Size  
( inches)  
U.F. Diameter 
Nom. Pipe Size  
( inches ) 
Gage 
Pressure 
( p s i g )  
Flow Rate ( l b s  ./sec . ) 
U.F. O.F. 
Table ' 1 ,  Calculated Data for Pressure Drop Studies 
3 Corrected Flow Rete ( f t .  /see.) Velocity Head ( f t .  R,G) Head GPM/ O . F .  Diameter U.F. Diameter 
Pressure 
(ft . ~ ~ 0 )  Feed U.F. Feed 
C 
U.F. Loss % 0.5 Approximate Approximate 
( f t .  R20) 5 (inches) ( inches) 
CALCULATION FOR IMPELLER DESIGN 
Conditions : 
1. feed r a t e  = 150 GPM, 
2. tube diameter = 5 .5 i n . ,  
3 .  hub diameter = 4.0 i n  ., 
4. distance between t r a i l i n g  edge of blade and 
break p l a t e  = 10 i n , ,  and 
10 i n .  5 .  revolutions of l i q u i d  = 1.5 i n .  per revolution 
Area a t  leading edge 
2 2 
A [(5.5) - (4.0) ] = 0.0786 sq.  f t .  
Velocity = u - 150 1 -- 4.25 f t  ./see. 
1 - 7048 0.0786 x 60 - 
Time f o r  f l u i d  t o  move from t r a i l i n g  edge t o  break p l a t e  = t 
t =  10 i n .  
f t = o -196 sec . i n .  12 x 4.2 -- 
f t  , sec . 
Now, V r  = constant, when V = minimum, r = 2.25 i n .  and V = maximum, r = 
1.00, since maximum V is  found a t  radius t o  be approximately equal t o  
radius of overflow pipe. The average tangent ia l  veloci ty  i s  located a t  
radius  
2e25 ' loo = 1.67 inches. 
2 
Fluid  a t  t h i s  point makes 6.67 revolutions i n  0.196 seconds. Therefore, 
a t  t h i s  point  
Then 
and 
a = 8 degrees 9 minutes 
and 
sin - 9004- a) = 0.9369 
+ 7 = 0.3497 '0° - 
cos (9002- a)= 0 -755. 
Then 
2 25.8 ft. /sec. x 0.7555 x 0.9369 
C - 3.1416 x N x 4.2 ft ./see. x 0.3497 
3 095 c = -* 
N 
If 12 blades a r e  chosen 
C = 0.33 f t .  
Now, 
= 8 degrees 9 minutes 
cos a: 3 Oo989 
O s J 3  = 0.34 f t .  R = m  
Now, 
where r is  i n  f e e t  
= r.3 l b s .  
Thus, 0.067-in. s t e e l  r o l l ed  pins with s t rength of about 500 l b s .  i n  
shear would ca r ry  the  load.  
If the blade thickness 'is chosen a t  0.125 i n .  ( s t e e l )  and the  
supports are  placed 1 . 5  i n .  from the  t r a i l i n g  edge 
1 5  7 - 3  l b .  x ++ x (1.5) 3 
and the  def lect ion i s  negl igible .  
Thus, f o r  the spec i f i ed  conditions 
blade length = C = 0.33 f t . , 
radius of blade a rc  = R = 0.34 ft., 
blade angle = 8 degrees 9 minutes, and 
blade thickness = d = 0.125 i n .  
SAMPLE CALCULATIONS 
Calculation of 50 Per Cent Separation Point  
Let X = flow r a t e  of overflow ( l b s  ./sec .), 
Y = flow r a t e  of underflow ( l b s  ./see. ), 
Mx = f r ac t i on  of a spec i f ic  screen s i z e  i n  overflow sample, anu 
My = f r ac t i on  of a spec i f i c  screen i n  underflow sample. 
Then, 
(x) (MX) = weight of a spec i f i c  s i z e  report ing t o  overflow ( l b s  . / 
sec .), 
( Y ) ( M ~ )  = weight of a spec i f i c  s i z e  report ing t o  underflow ( lbs . /  
sec . ) ,  
(x)(Mx) + ( Y ) ( M ~ )  = weight of a spec i f ic  s i z e  enter ing i n  feed 
( l b s  ./sec . ) , and 
x 100 = percentage of a spec i f i c  screen s i ze  
X M x + Y M y  report ing t o  underflow. 
The calcula t ions  f o r  run I -M-3 appear below. 
Flow r a t e  overflow (x) = 7.89 lbs./sec. and 
underflow (Y)  = 3.97 1bS , / S ~ C .  
Weight of sample overflow = 3467.4 gm. and 
underflow = 756.7 gm. 
Weight i n  overflow on a spec i f ic  screen Mx = Weight of overflow sample 
Weight i n  underflow on a spec i f ic  screen 
My = Weight of underflow sample 
For 50-mesh screen 
(x) (Mx) + (Y) (My) = 0 043669, and 
= 98.6 per cent.  
X MX ,t Y M y  
This calculation was repeated f o r  each screen s i ze  shown i n  the 
following tabulation: 
Mesh Size Size Opening Percentage Average Pa r t i c l e  
(microns ) reporting Size (microns) 
to U , F .  
40 420 100 505 
50 297 98.6 359 
70 21 o 96.8 254 
100 1 49 91.8 180 
140 105 86 -8 127 
200 74 80.9 90 
230 62 71 .9 68 
3 25 44 53.2 53 
-325 --- 17.4 22 
The average pa r t i c l e  s ize  i s  the arithmetic average of the openings 
i n  the screen on which the material  was retained and the next l a rge r  
screen. For example : 
50 mesh i s  equivalent t o  297 microns, 
40 mesh is equivalent t o  420 microns, and 
297 ' 420 = average pa r t i c l e  s i ze  f o r  5O-mesh screen = 559. 2 
The average p a r t i c l e  s i z e  was p lo t ted  versus the  percentage of 
t h a t  pa r t i cu la r  pa r t i c l e  s i z e  report ing t o  the  underflow a s  shown i n  
Figure 16. The in te r sec t ion  of a smooth curve through. these points with 
the  50 per cent l i n e  was taken a s  the 50 per  cent separation point .  
Calculation of Solids Concentration 
So = percentage so l ids  i n  overflow 
- t o t a l  weight of material  i n  overflow sample ' 
weight of overflow sample 
For run I -M-3 
Percentage of so l ids  = x 100 = 1.53, and 
Sy = percentage of so l ids  i n  underflow 
- t o t a l  weight of material  i n  underflow 
weight of underflow sample 
For run I -M-3 
percentage of so l ids  i n  underflow = 37108 x 100 = 49.13. 756.7 
Percentage so l ids  i n  feed: 
weight of so l ids  report ing t o  overflow = 
f r ac t i on  of so l i d s  i n  overflow tinles overflow rate (lbs ./see . ; , 
Weight of so l ids  report ing t o  underflow = 
f r ac t i on  of so l ids  i n  underflow times underflow r a t e .  
Percentage of so l ids  i n  feed = 
weight - of so l i d s  report ing t o  O.F. + weight of so l ids  report ing t o  U.F, , 
t o t a l  flow r a t e  
For run I -M-3 
Sc = percentage of so l i d s  i n  feed - 
Percentage Coarse and Fine Separation 
wv Percentage of coarse-part icle separation - - 100. 
Wc 
where Wv = weight of so l i d s  > 50 per  c en t  p a r t i c l e  s i z e  i n  underflow, and 
Wc = weight of so l i d s  > 50 per  cent p a r t i c l e  s i z e  i n  feed,  
A tabula t ion of values used i n  computing coarse and f i n e  separation i s  
shown below : 
P a r t i c l e  Size XMx Accumulative Accumulative Accumulative 
(microns) XMx 
X M x  + m y  
50 per  cent  separation point  = 50 microns. 
Accumulative (Y)(M~) = 193.1 f o r  53 microns 
= 193.5 f o r  22 microns. 
By l i n e a r  in terpola t ion,  
Wv = 193.2. 
Accumulative (x) (Mx) + ( Y )  ( M ~ )  = 203.5 f o r  53 microns 
= 205.6 f o r  22 microns. 
Likewise, 
Percentage of coarse separation = 193.2 x 100 - 9 4 . 8 5  
203 7 
W 
0 Percentage- of f i n e  separation = - 100 
w~ 
where Flo = weigbt:of so l i d s  L 50 per cent point  i n  overflow and 
W = weight of so l i d s  < 50 per  cent point  i n  feed.  
F 
Accumulative XMx = 10 -4 f o r  53 micr0n.s 
= 12,l f o r  22 microns, 
By l i n e a r  in terpola t ion,  f o r  the  50 per  cent point  
mx = 10.56, 
W = t o t a l  accumulative XMx - XMx f o r  50 per cent  point  
0 
= 12.10 .- 10.56 = 1.54. 
W - t o t a l  accumulative XMx + YMy - XMx + YMy f o r  50 per cent  point  
F 
1m54 x 100 = 81.05. Percentage f ine  separation = -1.90 
Least-Squares Calculation f o r  Flow Rate Versus 50 Per Cent Par t ic le  Size 
Since the data presented i n  Figure 17 can be approximately repre- 
sented by an equation of the form 
log p = rn log G -:- log A 
where p 2 pa r t i c l e  s ize  i n  microns, and 
G = flow ra t e  i n  l b s  ./sec. 
Lett ing y = log p, X = log G, and b = log A, we have 
By the l e a s t  squares method, 
and 
from which 
For run I - M ,  the least-squares calculation f o r  the slope a re  
tabulated as f 01.10~s. 
R u n  v lag G 
(microns) (x) 
Using t h i s  method, the slopes f o r  runs I1 and I V  were found t o  be 4.690 
and -0.704, respectively.  
Least-Squares Calculation f o r  Overflow Diameter Versus 50 Per Cent 
Par t ic le  Size 
The data shown i n  Figure 18 indicate tha t  the relation.ship be- 
tween the overflow diameter, e, (actual inside diameter i n  inches) and 
the 50 per cent pa r t i c l e  s ize  (microns) may be represented by an equa- 
t i on  of the form 
log p = m' log e + log A ' ,  
Calculation using the least-squares method a r e  shown as follows. 
Run e  
( inches)  
CI 
(microns ) 
l o g  e  
(XI 
Least-Squares Calcula t ion  of Corre la t ion  Coeff ic ient  Versus 50 Per Cent 
Point  
The data  shown in. Figure 19  ind ica te  t h a t  the  r e l a t i o n s h i p  be- 
tween the  c o r r e l a t i o n  c o e f f i c i e n t  (eO 077/G0 ' 6 8 )  and the  50 pe r  cent  
po in t  may be represented by an equation of the  f o m  
e  0  077 l og  p = m"log 7 + l o g  A".  
GO * 
Calcula t ions  using t h e  leas t -squares  method a r e  as follows. For convenience 
i n  handling logarithms, the  r ec ip roca l  of the  c o r r e l a t i o n  c o e f f i c i e n t  i s  
used i n  t h e  ca lcu la t ions .  
Run e l o g  1 ~ -  XY x2 0.77 ,0.68 G 0.68 CI log - p B  e 077 e 0.77 y 
I -M -1 
I -M-2 
I -M-3 
I -M -4a 
I - M - 5  
SI -M -1 





IV -M -1 
I V - M  -2 
IV-M-3 
I V  -M -5 
IV-M-6 
Calculat ion f o r  Predicted Line of Figure 28, Run X I I I - M  
Usirig equation 40 and the following data :  
densi ty  of sand-water s l u r r y  = 1.10 gm./cc., 
densi ty  of barytes-water s l u r r y  = 1.13 grn./cc ,, 
densi ty  of sand - 2.64 gm ./cc . , 
densi ty  of barytes  = 4.42 gm./cc ., 
and 
Predicted in te rcep t  f o r  run X I I I - M  i n  Figure 28 i s  equal t o  107.4 
Pressure Drop Calculat ions 
An energy balance over the  sec t ion  of the  equipment between the  
pressure t ap  d i r e c t l y  above the impeller and the discharge point  of the 
underflow stream can be wri t ten:  
where P = pressure a t  t ap  above impeller,  
1 
P = pressure a t  discharge from underflow pipe o r  atmospheric 2 
pressure, 
3 
v1 = v2 
= spec i f i c  volume ( l b s  ./ft. ), 
Z andZ2 = heights of pressure t ap  and of underflow discharge, respectively,  1 
from an a r b i t r a r y  datum plant ,  
u = flow ve loc i ty  i n  equipment a t  pressure t ap  ( f t  ./sec .), and 1 
5 = head loss through equipment including velocity head from 
overflow discharge which is assumed nonrecoverable. 
Taking the datum plane through Z2, this equation reduces to: 
For run 111-P-1 with underflow of I-in. nominal pipe diameter, 
flow to U.F. = 6.90 ~ b s  ./sec ., 
flow to 0 .  F. = 6,go lbs./sec., 
total feed rate = 13 -80 lbs ./see . , 
P1vl = = 7015 ft. 
Theref ore, 
% = 7.15 + 0.13 - 5.27 + 22.92 = 4.93 ft. H20a 
The capacity r a t i o  i s  defined as 
where Q = feed r a t e  (GPM) 
capacity r a t i o  - 99m4 = 44.7 
(4-93)Oa5 
Taggart Efficiency 
The Taggart e f f i c iency  is defined by 
where C = weight of so l ids  t o  overflow, 
100 - c = percentage of oversize i n  overflow, 
100- f = percentage of oversize in feed, and 
F = weight of so l ids  i n  feed.  
Referring t o  sample calcula t ion IIJ- we f ind  t h a t  C = 12 .1  
F = 205.6. 
and 
Calcula t ion  of Water S p l i t  
H = water s p l i t  = percentage of water t o  underflow 
S 
where Sv = percentage so l i d s  i n  underflow, 
Sc = percentage so l i d s  i n  feed, and 
G = feed r a t e  (lbs ./see. ) . 
For run I -M-3 
Y = 3.97, 
Sv = 49-17, 
G = 11.86, and 
PMLIMINARY INVESTIGATION OF 10  -INCH FIXED -1MPELUR DEVICE 
Equipment and Procedure 
The DallaValle-Moder model ( ~ i g u r e  2) was assembled i n  the  lower 
laboratory  of the  Chemical Engineering Department and was placed i n  a 
closed c i r c u i t  with rese rvo i r  and pumps ( ~ i g u r e  33). A s e r i e s  of explor-  
a t o ry  t e s t s  were conducted with sand and water s l u r r i e s  of several  so l i d s  
concentrat ions.  The flow ra tes ,  underflow pipe diameters, and pos i t ion  
of the overflow with respect  t o  the  f ixed blade were considered. Also 
t e s t s  were conducted without the  i n s e r t  r ing  t o  determine i t s  e f f e c t  cn 
operation.  I n  order t o  eval-uate from a design viewpoint,the bottom d i s -  
charge f o r  the  overflow ( t h i s  i s  contrary t o  conventional cyclones with 
d i sch .a rg~  a t  the  top) ,  the  feed header was modified with a t angen t ia l  
i n l e t .  With the f ixed  blade removed, runs were made with the  modified 
hydroclone a t  two pressure drops and compared with other  runs 'using a 
9-inch conventional cyclone. 
Flow r a t e s ,  pressure drops, and samples of the  underflow and 
overflow streams were taken f o r  each s e t  sf condit ions.  Screen analyses 
and so l i d s  concentration determinations of the  samples were performed, 
The data obtained were used t o  ca lcu la te  (1)  percentage of so l i d s  i n  
the  underflow and overflow streams, ( 2 )  percentage of so l i d s  i n  the  feed 
stream, and ( 3 )  percentage of a spec i f i c  mesh-size p a r t i c l e  repor t ing 
t o  t.he underflow and overflow. P lo t s  were made of the  percentage of a 
spec i f i c  mesh-size p a r t i c l e  report ing t o  the underflow and overflow 
versus p a r t i c l e  s i z e .  Thus, the  c l a s s i f i c a t i on  point o r  50 per cent 
point  was determined based on the  Dah.lstrorn method ( 3 ) .  This i s  de- 
Pined a s  a point  a t  wh.ich a p a r t i c l e  of a spec i f i c  s i z e  repor t s  50 per 
RESERVOIR 
PRESSURE TAP 
TO MANOMETER 2" FEED I I 
Figure 33.  Sketch of Equipment Layout f o r  10-Inch Model. 
- 












cent  (by weight) t o  the  underflow and 50 per cent t o  the  overflow. This 
method presents  a c l e a r  p ic tu re  of the  c l a s s i f i c a t i o n  point ,  and the  
slope of the  curves ind ica tes  t he  sharpness of the separat ion.  Sample 
calcula t ions ,  operative and ana ly t i c a l  data a r e  included i n  t h i s  Appendix. 
Results  and Discussion . 
Table 8 presents the  r e s u l t s  of several  of the control  t e s t s .  A s  
previously s t a t ed  these experiments were ca r r i ed  out on the  exploratory 
ba s i s  t o  obtain ind ica t ive  design information f o r  fu tu re  model study. 
Whereas these  t e s t s  did not  cover an extensive range of invest igat ions ,  
data  obtained indicate  several  qua l i t a t i ve  re la t ionships  which were 
most useful  i n  fu tu re  design and operation.  
Ef fec t  of so l i d s  concentration.-Comparison of run VI-2 with run IX-'c: 
 able 8) indicates  t h a t  increased so l i d s  concentration i n  the feed r e -  
sults i n  an increase i n  the  p a r t i c l e  s i z e  a t  the 50 per cent  po in t .  
This would be expected a s  p a r t i c l e s  moving toward the periphery of the  
cy l i nd r i ca l  sec t ion  of the hydroclone would encounter morc co l l i s i ons  
w i t h  o ther  p a r t i c l e s  per u n i t  d is tance .  This e f f e c t  of concentration 
i s  a l s o  shown, t o  a l e s s e r  degree, by comparing runs VI-3 with IX-2. 
The di f ference i n  magnitudes of t h i s  d i f f e r e n t i a l  i n  50 per cent  point  
p a r t i c l e  s i z e  a t  high- and low-flow r a t e s  would not be expected. This 
w i l l  be discussed under " ~ f f e c t  of Flow  ate." 
Effect  of underflow o u t l e t  diameter,-- Ef fec t  of the  diameter of the  
underflow on the  50 per cent point  i s  indicated by comparing the  runs 
VI-1 with V I  -2 and VII-1 with 'V'1.I-2. A 1-inch underflow diameter gave 
a separation a t  a p a r t i c l e  s i z e  of about 100 microns smaller than the  
1/2-inch diameter. This would be expected s ince  a g rea te r  p a r t  of the  
'fable 8. Data of 10-Inch Fixed-Impeller Studies 
Runand 5 0 P e r  O.F. U.F . 0 .F. U.F. Sol ids  So l ids  Sol ids  
Test Cent Diameter Diameter Rate Rate i n  i n  i n  
Number Point ( ~ o m i n a l  (Nominal ( lb . /  ( lb . /O.F.  U.F. Feed 
(microns ) Pipe Pipe ~ e c . ) ~ e c o )  6) ($1 ($1 
s i z e )  s ize)  
( inches) ( inches)  




R u n  VII 
Test 1 
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Run IX -- 






feed would repor t  t o  the  underflow with the  1-inch diameter. The under- 
flow would be expected t o  contain a larger percentage of the  l a r g e r  s i z e  
p a r t i c l e s  with a lower t o t a l  percentage of s o l i d s ,  This i s  shown t o  be 
the case i n  runs TI-1 and VI-2 with 38.4 per  cent and 60.4 per  cent  
so l i d s  i n  the underflow, respective1.y. 
Effec t  of b a f f l e  r ing.--  I n  order t o  obta in  a preliminary evaluation 
of the  ba f f l e  r ing  ( ~ i g u r e  2), run V I I I  was made with t he  r i ng  removed. 
It i s  evident upon comparison of runs V I - 1  and 2 with VIII-1 and 3 
t h a t  the r ing  has some e f f e c t  on the  flow pa t t e rn  and separat ion char-  
a c t e r i s t i c s  of the  equipment. However, the di f ference between the 50 
per  cent  point  f o r  these runs cannot be a t t r i b u t e d  so l e ly  t o  the  r ing,  
s ince  the  so l i d s  concentrations of the  feed were not  i den t i c a l .  It 
appears t h a t  the  r i ng  a s s i s t s  t o  a l imi ted  ex ten t  i n  separation a t  a 
smaller p a r t i c l e  s i z e .  
Ef fec t  of flow ra te . - -Effect  of flow r a t e ,  which i n  e f f e c t  i s  an index 
of e f f i c iency  o r  adequacy of the  f ixed  blade, i s  shown by comparing runs 
V I - 1  and 2 .  I f  the blade sec t ion  were designed properly, a n  increase 
i n  flow r a t e  should cause the  separation t o  occur a t  a smaller p a r t i c l e  
s i z e .  It i s  evident upon comparing t he  above-mentioned runs with one 
another and run I X - 1  with IX-2 and 3 t h a t  the  reverse is  t r u e  f o r  the  
blade sect ion used, This i s  a t t r i b u t e d  t o  shor t -c i rcu i t ing  of the  
s l u r r y  through the blade d i r e c t l y  i n t o  the  overflow pipe.  't ind ica tes  
i n e f f i c i e n t  blade design. 
E f f ec t  of overflow pipe location.--Preliminary s tud ies  on the e f f e c t  of 
t he  overflow-pipe loca t ion  r e l a t i v e  t o  the  blade sect ion were made by 
extending the overflow pipe upward t o  within 11 inches of the  blade.  
These data  a r e  shown i n  run X .  Run I X  was made with t h e  overflow pipe 
16 inches below the  blade.  Upon comparing r e s u l t s  of these  two runs, 
it appears t h a t  during run X a l a rge r  por t ion of the  s l u r r y  shor t -  
c i r cu i t ed  d i r e c t l y  i n t o  the  overflow pipe than i n  run I X ,  If shor t -c i r -  
cu i t i ng  were not present ,  one would expect t o  obtain separation a t  
s m l l e r  p a r t i c l e  s i z e s .  
Evaluation of bottom discharge overflow pipe  (comparison with 9-inch 
cyclone) ,--Run X I 1  w a s  made with a t angen t ia l  feed i n l e t  i n t o  t h e  
header and with the  blade sec t ion  removed. -Run XI1 w a s  made with t h e  
conventional 9-inch cyclone. Table 9 presents  t h e  da ta  obtained,  Fig- 
ure  34 i s  a p l o t  of t h e  percentage (by weight) of a s p e c i f i c  p a r t i c l e  
s i z e  repor t ing t o  t h e  underflow versus p a r t i c l e s  s i z e  i n  mi.crons. The 
s c a t t e r  of the  d a t a  i s  a t t r i b u t e d  t o  unstable operat ion.  The pressure 
drop f o r  t h e  cyclone w a s  increased by 2 inches of mercury t o  compensate 
f o r  an add i t iona l  2 f e e t  of head i n  t h e  modified hydroclone se tup.  Even 
with t h i s  increased pressure  t h e  cyclone d id  not  exh ib i t  s t a b l e  operat ion 
i n  run XII1,whereas i n  run XI1 t h e  modified hydroelone operated with prac-  
t i c a l l y  no f luc tua t ion .  
It i s  apparent from Figure 34 and Table 9 t h a t  sharper separat ion 
(as indicated  by t h e  slope of the  curves) was obtained with the  cyclone 
at  a smaller  p a r t i c l e  s i z e  (50 per  cent  po in t )  than with t h e  modified 
hydroclone. .This di f ference  ind ica tes  t h a t  t h e  g rea te r  pressure  drop 
i n  t h e  cyclone represents  g rea te r  energy app l i ca t ion  t o  t h e  separa t ion 
of t h e  s o l i d  from t h e  li quid. DahlstrornP s (3 )  work shows t h a t  an i n -  
crease  i n  cone angle of a conventional cyclone r e s u l t s  i n  the  50 per  
cent  separa-tion point  a t  a l a r g e r  p a r t i c l e  s i z e .  With the  f l a t  bottom 
of t h e  hydroclone, the  cone angle has been extended to  the  l i m i t  sr zero. 
A 50 per cent  point  would be expected t o  be a t  a l a r g e r  p a r t i c l e  s i z e .  
Run XI1 ind ica tes  t h a t  t h i s  has occurred. A most s i g n i f i c a n t  f a c t o r  
from this comparison of the conventional cyclone with the  modified 
hydroclone i s  the r e l a t i v e  s t a b i l i t y  of t h e  operat ion of  t h e  two test 
sect ions .  It appears t h a t  t h e  bottom discharge f c r  t h e  overflorn' with 
Table 9. Data of Comparison Test of 10-Inch Model with 9-Inch Cyclone 
Run and 50 Per Cent O.F, U.F. 0 3 .  Rate U.F. Rate Solids Sol ids  Solids I n l e t  
Test (microns) Diameter Diameter ( l b  ,/set .) ( l b  ./see ,) i n  i n  i n  Pressure 
Huaber (~omina l  (~omina l  O.F. U.F,  Feed (inches of 






Test 1 37 3 3/4 8 3 2  3 .I5 0.094 56.8 15.6 4 . 1  
2 24 3 1 -1/4 13.9 6.25 0.096 51.3 15.9 6.8 
80 100 120 140 160 180 200 220 
PARTICLE SIZE (MICRONS) 
Figure 34. Comparison Test f o r  10-Inch Model with 9-Inch Model. 
a flat-bottom arrangement w i l l  permit separat ion a t  lower pressure 
bcps than with t he  cyclone. This might well  be the  s t a r t i n g  point  
f o r  development of a separator  t h a t  w i l l  do the  same job a s  the  con- 
ventional  cyclone a t  considerably lower pressure drcps. 
Conclusions and Recommendations 
Results  of the  exploratory t e s t s  under phase I1 of the  subject  
program indicate :  
1. m a t  separation could be obtained with a fixed-blade hydro- 
clone a s  designed within the pa r t i c l e - s i z e  range of 290 t o  840 microns, 
however, the  separat ion was not  sharp. Consequently, add i t iona l  design 
and inves t iga t ion  would be required t o  a t t a i n  s a t i s f ac to ry  separation.  
2 .  That the  most s i gn i f i c an t  f a c to r  i n  the  DallaValle-Moder 
10-inch model was the i n e f f i c i e ~ t  impeller  see t ion  which r e s u l t s  i n  
shor t -c i rcu i t ing  which overshadowed the  e f f e c t  of flow r a t e  and over- 
flow pipe loca t ion ,  
3 .  That the b a f f l e  r ing  bad limited effect on operation w i t h  
t he  impeller  sec t ion  used. 
4, That increased so l i d s  concentration i n  the  feed resul ted  i n  
t h e  i n c ~ e a s e  i n  p a r t i c l e  s i z e  a t  the  50 per cent  point .  
5 .  That an increase i n  the  underflow diameter resu l t ed  i n  a 
50 per cent  separation point  a t  a smaller p a r t i c l e  s i z e ,  
6 .  That with a t angen t ia l  i n l e t  header the  bottom discharge 
f o r  the  overflow and flat-bottom arrangement resu l t ed  i n  e f f ec t i ve  
s t a b l e  operation a t  a lower pressure drop than the conventional @y@lone,  
7. 'That the  50 per  cent  separation point  occurred a t  a l a rge r  
particle size for a specific pressure drop with the modified hydroclone 
than with the conventional cyclone. 
SAMPLE CALCULATION FOR 10 -INCH MODEL 
Run I X - 1  
0 .F. r a t e  = 25 ., 9 l b s  ./sec . 
U.F. r a t e  = 2.08 ~ b s  ./sec . 
Weight of sample ( g m . )  





Me s h Overflow Weight Underflow Weight 
For 20 mesh 
overflow 
20 -mesh screen x flow rate = 
sample wt . 
Oe10 x 25 .9 ibs . / see .  = 0.0023) lo7Z.85 
un&erf low 
0.00233 - f r ac t i on  report ing t o  O.F. = 0.2295 
0.00233 + 0.00792 ' 
1 .OO - 0.2295 = 0.7725 reporting t o  U.F, 
!This calcula t ion i s  repeated f o r  each mesh s i ze .  
Mesh Fraction t o  
Overflow 
Fraction t o  
Underflow 
Separation (50 per cent point)  f o r  t h i s  run f a l l s  between 28 and 35 
mesh. A p l o t  of f r ac t i on  t o  overflow o r  underflow versus p a r t i c l e  s ize  
gives an in te r sec t ion  of the  curve with the 50 per  cent  l i n e  a t  490 
microns ( ~ i g u r e  35) 
Percentage of Solids in Overflow, Underflow, and Feed 
Since representa t ive  samples of the  feed a r e  most d i f f i c u l t  t o  
obtain i n  l iqu id-so l id  separation equipment, t he  feed percentage of 
so l i d s  is calcula ted from the  overrlow and underflow streams, 
PARTICLE SIZE (MICRONS) 
Figure 3 5 .  P l o t  f o r  50 Per Cent Point, Run I X - 1  (10-1nch ~ o d e l ) .  
Run I X - 1  
For overflow : 
w t .  so l ids  i n  sample 




percentage of so l ids  i n  U.F. = 268 085 x 100 = 46.55. 578.05 
For feed: 
percentage of so l ids  i n  feed. = 
($ solids O.F. x O.F. r a t e )  + ($I so l ids  U.F. x U.F. r a t e )  = 
t o t a l  feed r a t e  
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